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ABSTRACT OF THESIS 
 
 
 
 
BREEDING FOR FUSARIUM HEAD BLIGHT RESISTANCE IN SOFT RED WINTER 
WHEAT 
 
Fusarium graminearum, the causative agent of Fusarium head blight, is an economically 
important pathogen of wheat (Triticum aestivum). Breeding Fusarium head blight (FHB) 
resistant wheat requires knowledge of the underlying genetic control of FHB resistance. 
Genetic parameters for FHB resistance and five related traits were estimated in three 
populations at two locations and in two years. Moderate broad sense heritabilities for FHB 
severity and Fusarium damaged kernels (FDK) were observed. Incidence of FHB and the toxin 
deoxynivalenol (DON) accumulation had low to moderate broad sense heritabilities. Correlations 
between FDK and severity and FDK and DON were moderate to high in the three populations 
and do support indirect selection for FHB severity or DON based on FDK data alone, but it is 
important to be cautious in years with a high disease pressure when FHB resistance could be 
masked.   
A cycle of among-family and within-family selection cycle was conducted in 2003. 
Actual selection gain was higher than predicted gain based on variance components in 2003 in 
the within-family selection study. One population had also a strong response for low DON in the 
among-family selection study. The observed results suggest that selection for FHB resistant 
genotypes could be achieved with a recurrent selection scheme. 
Along with conventional breeding, molecular techniques are being used in breeding for 
FHB resistance. A first genotypic screening of the three populations showed Population 2 had 
the presence of a resistance allele form the resistant Chinese cultivar Sumai 3. Although 
Populations 1 and 3 did not have the resistance allele, the results suggest other sources of 
resistance might be present in these two populations.  
 
 
KEYWORDS:  Fusarium head blight, deoxynivalenol, soft red winter wheat, heritability, 
recurrent selection 
 
MULTIMEDIA ELEMENTS USED:  JPEG (.jpg) 
 
Virginia Laura Verges 
December 10, 2004 
Copyright © Virginia Laura Verges 
 
 
BREEDING FOR FUSARIUM HEAD BLIGHT RESISTANCE IN SOFT RED WINTER 
WHEAT 
 
 
 
By 
 
Virginia Laura Verges 
 
 
 
 
 
 
 
 
 
 
 
 
Dr. David A. Van Sanford 
Director of Thesis 
 
Dr. Charles Dougherty 
Director of Graduate Studies 
Crop Science 
 
December 10, 2004 
 
 
 
 
 
 
 
 
Copyright © Virginia Laura Verges 
 
 3
RULES FOR THE USE OF THESES 
 
 
 
Unpublished theses submitted for the Master’s degree and deposited in the University of 
Kentucky Library are as a rule open for inspection, but are to be used only with due regard to the 
rights of the authors.  Bibliographical references may be noted, but quotations or summaries of 
parts may be published only with the permission of the author, and with the usual scholarly 
acknowledgements.  
 
Extensive copying or publication of the thesis in whole or in part also requires the consent of the 
Dean of the Graduate School of the University of Kentucky. 
 
A library that borrows this thesis for use by its patrons is expected to secure the signature of each 
user. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
THESIS 
 
 
 
 
 
 
 
 
 
Virginia Laura Verges 
 
 
 
 
 
 
 
 
 
 
The Graduate School 
 
University of Kentucky 
 
2004 
BREEDING FOR FUSARIUM HEAD BLIGHT RESISTANCE IN SOFT RED WINTER 
WHEAT 
 
 
 
 
THESIS 
 
 
 
 
A thesis submitted in partial fulfillment of  
the requirements for the degree of Master of Science  
in the College of Agriculture at the University of Kentucky 
 
 
 
 
 
By 
 
 
Virginia Laura Verges 
 
Lexington, Kentucky 
 
 
 
Director:  Dr. David A. Van Sanford, Professor of Agronomy 
Lexington, Kentucky 
2004
MASTER’S THESIS RELEASE 
 
 
 
 
I authorize the University of Kentucky 
                                                  Libraries to reproduce this thesis in  
                                              whole or in part for purposes of research
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To my parents, whose honesty and simplicity 
taught me what is important in life. 
 
 
 
 
 
 
 
 
ACKNOWLEDGMENTS 
 
 
 
 I would like to express my sincere appreciation and gratitude to my major professor, Dr. 
David Van Sanford for this opportunity, and for his guidance and support since I came to the 
University of Kentucky. I would also like to thank the other members of my advisory committee, 
Dr. Timothy Phillips and Dr. Paul Vincelli. Thanks also to Dr. TeKrony and Dr. Hershman for 
their advice and accessibility in many topics. 
I’d like to thank all the Wheat Breeding lab people for their help and assistance 
throughout this project. I could not have done my entire field and greenhouse work without their 
help, ideas, jokes and smiles. I want to specially thank A.J. Stewart for his help at the Lexington 
and Princeton nursery and with all the pathology work. Thanks also to my fellow graduate 
student Carrie Knott for her cooperation during these years. 
Finally, I would like to express my deepest thanks to my family and friends in Argentina, 
because their support has been of paramount importance in this journey. Without them none of 
this would have been possible.  
  
 iii
TABLE OF CONTENTS 
 
Acknowledgements……………………………………………………………………………....iii 
 
List of Tables…………………………………………………………………………………….vii 
 
List of Figures……………………………………………………………………………………xii 
 
List of Files…………………………………………………………………………………….  xiv 
 
Chapter 1 Introduction…………………………………………………………………………….1 
 
Chapter 2. Literature Review……………………………………………………………………...3 
Economic losses associated with Fusarium Head Blight………………………………………….3 
Pathology and Epidemiology of Fusarium graminearum…………………………………………4 
Sources and Genetics of Resistance to Fusarium Head Blight……………………………………5 
Resistance Types and Disease Assessment………………………………………………………..7 
Deoxynivalenol production and its role in the infectious process………………………………...9 
Breeding for FHB resistance: Conventional breeding…………………………………………...10 
Breeding for FHB resistance: Use of molecular techniques……………………………………..11 
 
Chapter 3. Genetic Parameter Estimates for Fusarium Head Blight Resistance and related traits 
                  In three F2:4 populations……………………………………………………………...14 
Introduction………………………………………………………………………………………14 
Materials and Methods…………………………………………………………………………...15 
Results and Discussion…………………………………………………………………………..21 
 
Chapter 4. Resistance to Fusarium Head Blight after one cycle of among-family and within-
familiy selection in three F2:5 populations………………………………….………..92 
Introduction………………………………………………………………………………………92 
Materials and Methods………………………………………………………………………….. 93 
 iv
Results and Discussion…………………………………………………………………………..96 
 
Chapter 5. Breeding for Fusarium Head Blight Resistance: Greenhouse and Marker-Based 
Screening In early Generations……………………………………………………..121 
Introduction……………………………………………………………………………………..121 
Materials and Methods………………………………………………………………………….123 
Results and Discussion…………………………………………………………………………124 
 
Appendix………………………………………………………………………………………..146 
 
References………………………………………………………………………………………162 
 
Vita……………………………………………………………………………………….……  167 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 v
LIST OF TABLES 
 
 
Table 3.1: Pedigree information of three F2:4 soft red winter wheat populations………..………30 
 
Table 3.2: Average temperature (T,°C), total precipitation (Ppt, mm) and mean relative humidity 
(RH%) for Lexington, KY in May 2003 and 2004………………………………………………31 
 
Table 3.3: Means (Av.) and their standard errors (SE) for FHB severity (%), incidence (%), 
Fusarium damaged kernels (FDK %), height (cm), anthesis date, deoxynivalenol (DON) content 
and severity (%) with point inoculation (inj) for Population 1 after artificial inoculation in two 
years and two locations……………………………………………………………………….….32 
 
Table 3.4: Means (Av.) and their standard errors (SE) for FHB severity (%), incidence (%), 
Fusarium damaged kernels (FDK %), height (cm), anthesis date, deoxynnivalenol (DON) content 
and severity (%) with point inoculation (inj) for Population 2 after artificial inoculation in two 
years and two locations…………………………………………………………………………..33 
 
Table 3.5: Means (Av.) and their standard errors (SE) for FHB severity (%), incidence (%), 
Fusarium damaged kernels (FDK %), height (cm), anthesis date, deoxynivalenol (DON) content 
and severity (%) with point inoculation (inj) for Population 3 after artificial inoculation in two 
years and two locations…………………………………………………………………………..34 
 
Table 3.6: Means of FHB severity (%) and Fusarium damaged kernels (FDK) for the three 
populations with checks at Lexington in 2003 and 2004………………………………………...35 
 
Table 3.7: Means of FHB severity (%) and Fusarium damaged kernels (FDK) for the three 
populations with checks at Princeton in 2003 and 2004…………………………………………36 
 
Table 3.8: Population 1 mean broad sense heritability estimates (hbs2) and their 90% confidence 
interval in parenthesis for severity, incidence, Fusarium damaged kernels (FDK), deoxynivalenol 
(DON) content, height and anthesis date after artificial inoculation with Fusarium 
graminearum……………………………………………………………………………………..37 
 
Table 3.9: Population 2 mean broad sense heritability estimates (hbs2) and their 90% confidence 
interval in parenthesis for severity, incidence, Fusarium damaged kernels (FDK), deoxynivalenol 
(DON) content, height and anthesis date after artificial inoculation with Fusarium 
graminearum…………………………………………………………………………………..…38 
 
Table 3.10: Population 3 mean broad sense heritability estimates (hbs2) and their 90% confidence 
interval in parenthesis for severity, incidence, Fusarium damaged kernels (FDK), deoxynivalenol 
(DON) content, height and anthesis date after artificial inoculation with Fusarium 
graminearum……………………………………………………………………………………..39 
 
Table 3.11: Correlation coefficients between all measured traits for Population 1 calculated from 
2003 and 2004 field data at Lexington, KY………………………………………………...……40 
 vi
 
Table 3.12: Correlation coefficients between all measured traits for Population 1 calculated from 
2003 and 2004 field data at Princeton, KY………………………………………………………41 
 
Table 3.13: Correlation coefficients between all measured traits for Population 1 calculated from 
2003 and 2004 field data………………………………………………………………………....42 
 
Table 3.14: Correlation coefficients between all measured traits for Population 2 calculated from 
2003 and 2004 field data at Lexington, KY……………………………………………………..43 
 
Table 3.15: Correlation coefficients between all measured traits for Population 2 calculated from 
2003 and 2004 field data at Princeton, KY…………………………………………………….. 44 
. 
Table 3.16: Correlation coefficients between all measured traits for Population 2 calculated from 
2003 and 2004 field data………………………………………………………………………  .45 
 
Table 3.17: Correlation coefficients between all measured traits for Population 3 calculated from 
2003 and 2004 field data at Lexington, KY……………………………………………………...46 
 
Table 3.18: Correlation coefficients between all measured traits for Population 3 calculated from 
2003 and 2004 field data at Princeton, KY……………………………………………………....47 
 
Table 3.19: Correlation coefficients between all measured traits for Population 3 calculated from 
2003 and 2004 field data………………………………………………………………………....48 
 
Table 3.20: Correlation coefficients between Deoxynivalenol (DON) content and disease 
resistance traits for the three populations calculated from 2003 Lexington, KY field data……..49 
 
Table 3.21: Genetic parameters and heritabilities of FHB severity (%) in three F2:4 soft red winter 
wheat populations as measured in the field at Lexington, KY, 2003……………………………50         
 
Table 3.22: Genotypic and phenotypic correlation coefficients between mean severity at 
Lexington, KY and Princeton, KY for three winter wheat populations after artificial inoculation 
with Fusarium graminearum in 2003 and 2004…………………………………………………51 
 
Table 3.23: Performance of the 40 families in Population 1 at four testing environments with 
severity rankings based on family means………………………………………………………..52 
 
Table 3.24: Performance of the 40 families in Population 2 at four testing environments with 
severity rankings based on family means………………………… ………………………….…53 
 
Table 3.25: Performance of the 40 families in Population 3 at four testing environments with 
severity rankings based on family means………………………… ………………………….…54 
 
Table 3.26   Combined analysis of variance for FHB severity (%) in Population 1 over locations 
(Lexington and Princeton), 2003………………………………………………………………...55 
 vii
 
Table 3.27   Combined analysis of variance for FHB severity (%) in Population 1 over locations 
(Lexington and Princeton), 2004………………………………………………………………...56 
 
Table 3.28   Combined analysis of variance for FHB severity (%) in Population 1 over locations 
(Lexington and Princeton) and years (2003 and 2004)………………………………………….57 
 
Table 3.29:Combined analysis of variance for FHB severity (%) in Population 2 over locations 
(Lexington and Princeton), 2003………………………………………………………………...58 
 
Table 3.30   Combined analysis of variance for FHB severity (%) in Population 2 over  locations 
(Lexington and Princeton), 2004………………………………………………………………...59 
 
Table 3.31   Combined analysis of variance for FHB severity (%) in Population 2 over locations 
(Lexington and Princeton) and years (2003 and 2004)………………………………………….60 
 
Table 3.32   Combined analysis of variance for FHB severity (%) in Population 3 over locations 
(Lexington and Princeton), 2003………………………………………………………………...61 
 
Table 3.33   Combined analysis of variance for FHB severity (%) in Population 3 over locations 
(Lexington and Princeton), 2004………………………………………………………………...62 
 
Table 3.34   Combined analysis of variance for FHB severity (%) in Population 3 over locations 
(Lexington and Princeton) and years (2003 and 2004)…………………………………………..63 
 
Table 3.35: Combined analysis of variance for Fusarium damaged kernels (FDK%) in Population 
1 over locations (Lexington and Princeton), 2003……………………………………………….64 
 
Table 3.36: Combined analysis of variance for Fusarium damaged kernels (FDK%) in Population 
1 over locations (Lexington and Princeton), 2004……………………………………………….65 
 
Table 3.37: Combined analysis of variance for FHB severity (%) in Population 1 over locations 
(Lexington and Princeton) and years (2003 and 2004)…………………………………………..66 
 
Table 3.38   Combined analysis of variance for Fusarium damaged kernels (FDK%) in 
Population 2 over locations (Lexington and Princeton), 2003…………………………………..67 
 
Table 3.39: Combined analysis of variance for Fusarium damaged kernels (FDK %) in 
Population 2 over locations (Lexington and Princeton), 2004…………………………………..68 
 
Table 3.40: Combined analysis of variance for FHB severity (%) in Population 2 over locations 
(Lexington and Princeton) and years (2003 and 2004)…………………………………………..69 
 
Table 3.41: Combined analysis of variance for Fusarium damaged kernels (FDK%) in Population 
3 over locations (Lexington and Princeton), 2003………………………………………………70 
 
 viii
Table 3.42: Combined analysis of variance for Fusarium damaged kernels (FDK %) in 
Population 3 over locations (Lexington and Princeton), 2004…………………………………..71 
 
Table 3.43: Combined analysis of variance for FHB severity (%) in Population 3 over locations 
(Lexington and Princeton) and years (2003 and 2004)…………………………………………..72 
 
Table 3.44: Combined analysis of variance for FHB incidence (%) in Population 1 over locations 
(Lexington and Princeton), 2003………………………………………………………………...73 
 
Table 3.45: Combined analysis of variance for Fusarium damaged kernels (FDK %) in 
Population 2 over locations (Lexington and Princeton), 2003…………………………………..74 
 
 Table 3.46: Combined analysis of variance for Incidence (%) in Population 3 over locations 
(Lexington and Princeton), 2003………………………………………………………………...75 
 
Table 3.47: Combined analysis of variance for height (cm) in Population 1 at Lexington, KY in 
two years 2003-04………………………………………………………………………………..76 
 
Table 3.48: Combined analysis of variance for height (cm) in Population 2 at Lexington, KY in 
two years 2003-04………………………………………………………………………………..77 
 
Table 3.49: Combined analysis of variance for height (cm) in Population 3 at Lexington, KY in 
two years 2003-04………………………………………………………………………………..78 
 
Table 3.50: Combined analysis of variance for anthesis date in Population 1 over locations 
(Lexington and Princeton), 2003……………………………………………………………...…79 
 
Table 3.51:Combined analysis of variance for anthesis date in Population 1 over locations 
(Lexington and Princeton), 2004………………………………………………………………..80 
 
Table 3.52: Combined analysis of variance for FHB severity (%) in Population 1 over locations 
(Lexington and Princeton) and years (2003 and 2004)…………………………………………81 
 
Table 3.53: Combined analysis of variance for anthesis date in Population 2 over locations 
(Lexington and Princeton), 2003………………………………………………………………..82 
 
Table 3.54: Combined analysis of variance for anthesis date in Population 2 over locations 
(Lexington and Princeton), 2004………………………………………………………………...83 
 
Table 3.55: Combined analysis of variance for FHB severity (%) in Population 2 over locations 
(Lexington and Princeton) and years (2003 and 2004)……………………………………….….84 
 
Table 3.56: Combined analysis of variance for anthesis date in Population 3 over locations 
(Lexington and Princeton), 2003……………………………………………………………...…85 
 
 ix
Table 3.57: Combined analysis of variance for anthesis date in Population 3 over locations 
(Lexington and Princeton), 2004………………………………………………………………...86 
 
Table 3.58: Combined analysis of variance for FHB severity (%) in Population 3 over locations 
(Lexington and Princeton) and years (2003 and 2004)…………………………………………..87 
 
Table 4.1: Predicted selection gain based on 2003 family means (∆G03), actual gain based on 
2004 family means (∆G04) and predicted selection gain based on the combined 2003-04 family 
means  (∆G’04) for three winter wheat populations………………………………………….…102 
 
Table 4.2: Mean FHB severity (%) of the original three F2:4 winter wheat families in 2003 ( x 0 ), 
the proportion (P) of selected plants out of the F2:4 families, the selection differential S, the mean 
FHB severity (%) of the progeny produced by the selected plants based on F4:5 line means ( x 1 ) , 
the mean FHB severity (%) of the progeny produced by the non-selected plants based on F2:5 line 
means ( x 0), the mean selection response R, the realized heritability hr2, Lexington, KY,2004..103 
 
Table 4.3: Mean FHB severity (%) of the original three F2:4 winter wheat families in 2003 ( x 0 ), 
the proportion (P) of selected plants out of the F2:4 families, the selection differential S, the mean 
FHB severity (%) of the progeny produced by the selected plants based on F4:5 line means ( x 1) , 
the mean FHB severity (%) of the progeny produced by the non-selected plants based on F2:5 line 
means ( x 0) the mean selection response R, the realized heritability hr2, Princeton, KY, 2004...104 
 
Table 4.4: Mean Fusarium Head Blight severity (%) for the 40 F2:5 families in Population 1 at 
Lexington, KY, after one cycle of recurrent selection, 2004………………………………...…105 
 
Table 4.5: Mean Fusarium Head Blight severity (%) for the 40 F2:5 families in Population 2 at 
Lexington, KY, after one cycle of recurrent selection, 2004………………………………...…106 
 
Table 4.6: Mean Fusarium Head Blight severity (%) for the 39 F2:5 families in Population 3 at 
Lexington, KY, after one cycle of recurrent selection, 2004…………………………………...107 
 
Table 4.7: Mean Fusarium Head Blight severity (%) for the 40 F2:5 families in Population 1 at 
Princeton, KY, after one cycle of recurrent selection, 2004……………………………………108 
 
Table 4.8: Mean Fusarium Head Blight severity (%) for the 40 F2:5 families in Population 2 at 
Princeton, KY after one cycle of recurrent selection, 2004………………………………….…109 
 
Table 4.9: Mean Fusarium Head Blight severity (%) for the 39 F2:5 families in Population 3 at 
Princeton, KY, after one cycle of recurrent selection, 2004…………………………………..  110 
 
Table 4.10: Mean Fusarium damaged kernels (FDK) for the 40 F2:5 families in Population 1 at 
Lexington, KY, after one cycle of recurrent selection, 2004…………………………………...111 
 
Table 4.11: Mean Fusarium damaged kernels (FDK) for the 40 F2:5 families in Population 2 at 
Lexington, KY, after one cycle of recurrent selection, 2004…………………………………...112 
 
 x
Table 4.12: Mean Fusarium damaged kernels (FDK) for the 39 F2:5 families in population 3 at 
Lexington, KY after one cycle of recurrent selection 2004…………………………………….113 
 
Tables 4.13: Mean Fusarium damaged kernels (FDK) for the 40 F2:5 families in population 1 at 
Princeton, KY, after one cycle of recurrent selection, 2004……………………………………114 
 
Table 4.14: Mean Fusarium damaged kernels (FDK) for the 40 F2:5 families in population 2 at 
Princeton, KY, after one cycle of recurrent selection, 2004……………………………………115 
 
Table 4.15: Mean Fusarium damaged kernels (FDK) for the 39 F2:5 families in population 3 at 
Princeton, KY, after one cycle of recurrent selection, 2004……………………………………116 
 
Table 4.16: Means and their standard errors (SE) for FHB severity (%), Fusarium damaged 
kernels (FDK), height (cm) and anthesis date for Population 1 after a cycle of recurrent selection 
at Lexington, KY and Princeton, KY, 2004………………………………………………….…117 
 
Table 4.17: Means and their standard errors (SE) for FHB severity (%), Fusarium damaged 
kernels (FDK %), height (cm) and flowering date for Population 2 after a cycle of recurrent 
selection in 2004 at Lexington, KY and Princeton, KY, 2004………………………………....118 
 
Table 4.18: Means and their standard errors (SE) for FHB severity (%), Fusarium damaged 
kernels (FDK ), height (cm) and anthesis date for Population 3 after a cycle of recurrent selection 
in 2004 at Lexington and Princeton, KY, 2004………………………………………………...119 
 
Table 4.19: Effect of one cycle of among-family selection for low FHB index on severity of 
infection, Fusarium damaged kernels (FDK) and DON concentration in three winter wheat 
populations, Lexington, KY. 2004……………………………………………………………...120 
 
Table 5.1: Means and their standard errors (SE)  for FHB severity  (%) in Population 1 based on 
Greenhouse screening in 2003 and 2004…………………………………………………….…127 
 
Table 5.2: Means and their standard errors (SE) for FHB severity  (%) in Population 2 based on 
Greenhouse screening in 2003 and 2004…………………………………………………….…128 
 
Table 5.3: Population 3. Means and their standard (SE) errors for FHB severity  (%) in 
Population 3 based on Greenhouse screening in 2003 and 2004…………………………….…129 
 
Table 5.4: Means for FHB severity (%) at the greenhouse in the three populations. Means of the 
40 families and the 8 selected families based on low FHB index in 2003……………………..130 
 
Table 5.5: Analysis of variance for FHB severity (%) in Population 1 in a greenhouse experiment 
in 2003……………………………………………………………………………………….…131 
 
Table 5.6: Analysis of variance for FHB severity (%) in Population 2 in a greenhouse experiment 
in 2003……………………………………………………………………………………….…132 
 
 xi
Table 5.7: Analysis of variance for FHB severity (%) in Population 3 in a greenhouse experiment 
in 2003………………………………………………………………………………………….133 
 
Table 5.8: Analysis of variance for FHB severity (%) in Population 1 in a greenhouse experiment 
in 2004………………………………………………………………………………………….134 
 
Table 5.9: Analysis of variance for FHB severity (%) in Population 2 in a greenhouse experiment 
in 2004………………………………………………………………………………………… 135 
 
Table 5.10: Analysis of variance for FHB severity (%) in Population 3 in a greenhouse 
experiment in 2004……………………………………………………………………………..136 
 
Table 5.11: Combined Analysis of variance for FHB severity (%) in Population 1 in a 
greenhouse experiment in 2003-04………………………………………………………….….137 
 
Table 5.12: Combined Analysis of variance for FHB severity (%) in Population 2 in a 
greenhouse experiment in 2003-04……………………………………………………………..138 
 
Table 5.13: Combined Analysis of variance for FHB severity (%) in Population 3 in a 
greenhouse experiment in 2003-04……………………………………………………………..139 
 
Table 5.14: Broad sense heritabilites estimates (hbs2) and their 90% confidence interval in 
parenthesis for severity measured in the greenhouse in 2003-04. Estimates for three winter wheat 
populations……………………………………………………………………………………...140 
 
Table 5.15: Correlation coefficients between greenhouse severity and field severity experiments 
conducted in two years, 2003-04 for Population 1…………………………………………..…141 
 
Table 5.16: Correlation coefficients between greenhouse severity and field severity experiments 
conducted in two years, 2003-04 for Population 2……………………………………………..142 
 
Table 5.17: Correlation coefficients between greenhouse severity and field severity experiments 
conducted in two years, 2003-04 for Population 3…………………………………………..…143 
 
Table 5.18: Mean FHB severity (%), mean FDK(%) and DON (ppm) accumulation under two 
methods of artificial inoculation for families in Population 2 segregating for the Sumai 3 
resistance allele at Lexington, KY, 2003…………………………………………………….…144 
 
Table 5.19: Mean FHB severity (%), mean FDK (%) and DON(ppm) accumulation under two 
methods of artificial inoculation for families in Population 2  non-segregating for the Sumai 3 
resistance allele at Lexington, KY, 2003…………………………………………………….…145 
 
 xii
LIST OF FIGURES 
 
Figure 3.1: Climatic conditions during flowering and mist-irrigation period of wheat in 
Lexington, KY, 2003…………………………………………………………………………….88 
 
Figure 3.2: Climatic conditions during flowering and mist-irrigation period of wheat in 
Lexington, KY, 2004……………………………………………………………………………89 
 
Figure 3.3: Disease progress curve (AUDPC) for the susceptible line 2555 at Lexington, KY in 
2003 after artificial inoculation with corn kernels infected with Fusarium 
graminearum……………………………………………………………………………………90 
 
Figure 3.4: Disease progress curve (AUDPC) for the susceptible line 2555 at Lexington, KY in 
2004 after artificial inoculation with corn kernels infected with Fusarium 
graminearum…………………………………………………………………………………….91 
 
 
 
 xiii
LIST OF FILES 
 xiv
Chapter 1 
Introduction 
 
 
Fusarium Head Blight (FHB), or head scab, caused by Fusarium graminearum 
(Schwabe) is a historically devastating disease of wheat and barley around the world. The 
People’s Republic of China, Canada, parts of southern Africa, eastern Europe, South America, 
and the United States all have recorded FHB outbreaks and each country continues to struggle 
with this destructive disease. 
 Mc Mullen (1997) reported that the damage produce by the fungus includes the reduction 
of yield, contamination with mycotoxins and reduction in seed quality. The disease also reduces 
the test weight and lowers the market grade. The diseased kernels are called ‘tombstones’ and 
they appear discolored and shriveled. 
 Bai and Shaner (1994) reported that scab could cause additional losses for agriculture 
because of the potent mycotoxins produced by the fungus.  
 Since 1991, scab outbreaks of varying intensity have been common and widespread 
across much of the eastern half of the United States, affecting yield and quality of the wheat 
produced. Windels (2000) reported that wheat and barley losses caused by scab epidemics in the 
US during the 1990’s are estimated at close to $ 3 billion. 
 In Kentucky, almost the entire wheat crop is planted following corn, which is an alternate 
host for the perfect stage of F. graminearum. The prevalent cropping system of no-till or 
minimal till wheat production may influence FHB levels by providing sufficient inoculum levels. 
At the beginning of 2004, The US Wheat and Barley Scab Initiative reported that the damage to 
farmers and millers in the Mid-Atlantic soft red winter wheat region in 2003 was unprecedented, 
crippling grain flow patterns and sales (Michael Pate, unpublished). 
Incorporating FHB resistance into soft red winter wheat is considered to be the most 
effective control strategy (Mesterhazy et al., 1999). In most of the US wheat breeding programs, 
breeding for FHB resistance lines is a first priority, but the complex genetic basis of the disease, 
the association with so many undesired agronomic traits in the available FHB resistance source 
and the effect of the environment make this goal very difficult to achieve.  
 Most resistance breeding efforts have focused on three aspects: improving agronomic 
traits of highly resistant materials available in wheat, improving resistance levels of currently 
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grown commercial cultivars, and introducing new resistance genes from other genes pools (Bai 
and Shaner, 2004). Screening for FHB resistance is expensive and time consuming. Different 
mechanisms for resistance have been described (Mesterhazy, 1995). Type I and Type II are the 
most commonly evaluated. Recently, type V (resistance to DON accumulation) has received 
increasing attention. 
 Breeding a soft red winter wheat cultivar that is resistant to FHB and well adapted to the 
southeastern US is a goal of the University of Kentucky soft red winter wheat breeding program. 
With this objective in mind and the idea that selecting for FHB resistance in early generations 
could accelerate the breeding process, three soft red winter wheat populations were subjected 
during two years to genetic parameters estimation and one cycle of selection. 
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Chapter 2 
 
Literature Review 
 
Economic Losses Associated with Fusarium Head Blight 
 
Fusarium Head Blight (FHB), or head scab, caused by Fusarium graminearum 
(Schwabe) is a historically devastating disease of wheat and barley around the world. In 1890 J. 
C. Arthur recorded an outbreak of head scab in Indiana (Arthur, 1891). The People’s Republic of 
China, Canada, parts of southern Africa, eastern Europe, South America, and the United States 
all have recorded Fusarium head blight outbreaks and each country continues to struggle with 
this destructive disease. 
Mc Mullen (1997) reported that the damage produced by the fungus includes reduction of 
yield, contamination with mycotoxins and reduction in seed quality. The disease also reduces the 
test weight and lowers the market grade. 
The diseased grains are called ‘tombstones’ and they appear discolored and shriveled. Bai 
and Shaner (1994) reported that diseased kernels that are not eliminated with the chaff reduce 
test weight because they are light and shriveled. 
  The same authors reported that scab could cause additional losses for agriculture because 
of the potent mycotoxins produced by the fungus. The two most important mycotoxins produced 
by Fusarium graminearum (Schwabe) are the estrogenic toxin zearalenone and the trichothecene 
deoxynivalenol (DON), a vomitoxin. 
Since 1991, scab outbreaks of varying intensity have been common and widespread 
across much of the eastern half of the United States, affecting yield and quality of wheat 
produced. The epidemic during 1993, as reported by Mc Mullen (1997) was one of the most 
severe ever. Yield and quality losses caused producers in Minnesota, North Dakota and South 
Dakota to suffer an estimated $ 1 billion loss, making one of the greatest losses due to any plant 
disease in North America in a single year. 
The scab infection in 1993 resulted in higher levels of the vomitoxin, which reduced the 
price and quality of wheat. Until that moment, the level permitted by the US Food and Drug 
Administration (FDA) in wheat was 2 ppm in raw grain. After the big epidemic the level was 
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dropped, but the guideline of 1 ppm for finished flour products was maintained. Other big 
epidemics occurred in parts of the spring wheat and barley region in 1994 to 1996, bringing 
losses of more than $200 million in North Dakota.  The last years have not produced very big 
epidemics in the plains areas; however significant epidemics have been reported in the mid-
Atlantic region and in the southern corn belt including Kentucky. 
As reported by the US Wheat and Barley Scab Initiative in January, 2004;  “the damage 
to farmers and millers in the Mid-Atlantic soft red winter wheat producing region (North 
Carolina, Georgia, Virginia, extending to Kentucky and Tennessee) in 2003 was unprecedented, 
crippling grain flow patterns and sales”. It was also reported that DON levels in FHB-infected 
wheat in this region weren’t falling as much as expected during milling. This led to concern that 
the federal advisory level might be changed to a regulatory level. 
 
Pathology and Epidemiology of Fusarium graminearum 
 
Although many species of Fusarium can cause scab, F. graminearum is the pathogen that 
has caused most of the outbreaks of FHB in the United States, Canada, South America, China 
and Japan (Stack, 1999). F. graminearum has been divided in two groups, and group 2 is the 
pathogen that produces head blight. Members of this group produce perithecia and attack the 
aerial part of plants. On the other hand, group 1 pathogens do not produce perithecia and are 
associated with another disease, crown rot. 
Inoculum sources are mainly thought to include corn residue and other crop debris that 
give rise to spore-producing perithecia. Ascospores produced on perithecia and macroconidia are 
the source of inoculum for the disease and they are carried principally by air or splashing water 
(Parry et al., 1995) Warm and moist conditions during the spring favor the perithecial 
development and production of ascospores.  
The optimal stage for infection is flowering, as demonstrated by Schroeder and 
Christensen (1963). They provided data where wheat heads were very resistant to infection 
before flowering and mostly susceptible at anthesis. After flowering, infection can occur until the 
soft dough stage. The first visible lesions can be seen after 3-4 days of infection. The lesions may 
be brown, purplish-brown or brown with a bleached center. Water soaked lesions may appear on 
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the florets at the onset of the disease. Salmon- colored light pink spores may become evident on 
the florets of infected heads under heavy disease pressure.  
No specific pathogenic races have been reported, however variability among isolates does 
exist. Bai and Shaner (1996) conducted a study where six isolates from China and United States 
were compared in cultural variation and virulence on nine wheat cultivars. They found 
differences among isolates in their cultural characteristics. They also observed that the Chinese 
isolates were more pathogenic than the US ones. They did not find isolates x cultivar interactions 
so they concluded there are not pathogenic races. In this study the cultivar level of resistance was 
consistent and significant across all isolates. 
Mesterhazy et al., (1999) also reported no host specificity among isolates. In two 
experiments the researchers tested twenty and twenty-five genotypes with different degrees of 
resistance with seven and eight isolates, respectively, of Fusarium graminearum and Fusarium 
culmorum of diverse origin. The results indicated that a race-specific pattern in these two species 
is not significant, although some data reveal some isolates have a very small preference for some 
genotypes. They also emphasized that the resistance background to F. graminearum and F. 
culmorum is the same and no specific resistance to these two species exists. 
 
Sources and Genetics of Resistance to Fusarium Head Blight 
 
The spring wheat cultivar Sumai 3, and its derivatives such as ‘Ning 7840”, is the most 
widely used source of resistance in the world and is the best characterized. Because of its high 
general combining ability for scab resistance and some other traits, Sumai 3 was used as a 
resistant parent with success in China (Bai and Shaner, 1994). Since its introduction to USA, it 
has been used extensively for both spring wheat and winter wheat breeding programmes 
(Wilcoxson, 1993; Bai and Shaner, 1994). Sumai 3 has been defined as a highly resistant cultivar 
by most of the breeding programs where it is used, and it is considered to have a stable and 
heritable resistance.  
Other sources of resistance that have been widely used are the Brazilian cultivar 
‘Frontana’ and other Chinese cultivars. Also cultivars from Eastern Europe and Italy are sources 
of resistance, but some of them are considered to have Sumai 3 in their background. 
 5
Van Ginkel et al., (1996) reported on a study using cultivars well known for possessing 
intermediate to high resistance. The Brazilian cultivar Frontana was compared to the highly 
resistant Chinese cultivar Ning 7840 and they concluded that both cultivars possess two unique 
dominant genes each, with all four genes being different. They also suggested that combining 
their resistance genes might produce higher levels of resistance. 
In another study to evaluate accessions from different countries looking for sources of resistance, 
McKendry et al., (1999) reported that of the 937 accessions that were screened, 31 (3.5%) were 
classified as resistant in the preliminary screen. Twenty-five of these accessions originated in 
China, and the other six were from Brazil, Italy, Japan and South Korea. 
Additionally, Gilchrist et al., 1999 have reported resistance in some diploid wheats, 
suggesting that some accessions of Aegilops tauschii Coss. may be resistant.  
In an experiment in Hungary (1997), 108 winter and spring wheat genotypes that ranged 
in susceptibility were screened for resistance to FHB (Lemmens et al., 1997). The team of 
researchers found highly significant differences between the genotypes for each FHB response 
variable. Buerstmayr et al., (1996) screened 96 winter wheat genotypes, 2 winter triticale 
genotypes, and 38 spring wheat genotypes in the field using a macroconidial spore suspension 
and reported that the most resistant spring wheats are more resistant than the most resistant 
winter wheat genotypes. 
There are also some US cultivars widely used as sources of resistance or resistant checks, 
like ‘Ernie’ and ‘Freedom’. These cultivars possess an intermediate resistance and are well 
adapted to the target area, in this case the eastern soft red winter wheat region (Hall and Van 
Sanford, 2003). 
A potential hazard to FHB resistance breeding is that only a few sources (mainly Sumai 3 and its 
relatives) are now widely used; this narrow genetic base may become vulnerable to the pathogen 
(Ruckenbauer et al., 2001). 
Resistance to FHB is usually reported to be quantitatively inherited with a continuous 
distribution among the progeny (Bai and Shaner, 1994; Buerstmayr et al., 1999). Different 
studies indicate that resistance is mainly controlled by additive genetic effects, but dominance 
effects might also be significant (Hall and Van Sanford, 2003). 
Since the early 1990’s researchers have discussed the importance of using molecular 
markers to map the major QTL’s conferring the resistance (Bai and Shaner, 1994). The number 
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of published reports on molecular markers associated with FHB resistance has been increasing in 
the last few years. In 1999, Waldron et al., conducted a study to identify and map DNA markers 
linked to genes associated with FHB resistance. On the basis of RFLP marker analysis they 
found five genomic regions in a population of 112 recombinant inbred lines from the cross of 
Sumai 3/Stoa that were significantly (P < 0.01) associated with scab resistance, three derived 
from Sumai 3, the resistant parent. The region on the short arm of chromosome 3 (3BS) was 
identified as a major QTL, and the best RFLP marker in the 3BS region explained between 
15.4% and 29.5% of the variation.  An SSR (Xgwm) on chromosome 3BS explained 25% of the 
variation in FHB resistance in the ND2603/Butte 86 population (Anderson et al., 1999). 
Other regions have also been associated with resistance to FHB. Buerstmayer et al., 2002 
screened 364 F1 derived double haploid lines (DH) and found three regions significantly 
associated with scab resistance. The 3BS regions explained up to 60% of the phenotypic 
variance. An additional QTL was located on chromosome 5A and a third on the 1B. 
These results and results from other research groups (Anderson et al., 2001; Shen et al., 
2003) indicate that the chromosome 3BS carries a gene with a major effect for FHB.  
 
Resistance Types and Disease Assessment 
 
Mesterhazy (1995) described five mechanisms for resistance to FHB. These included 
type I: resistance to initial infection, type II: resistance to spread within the spike, type III: 
resistance to kernel infection, type IV: yield tolerance and type V: resistance to mycotoxin 
accumulation.  
Some morphological traits are also associated with increased disease. Generally, awned 
genotypes with a short peduncle and a compact spike have faster disease spread than genotypes 
that are awnless, have a long peduncle, and a lax spike (Mesterhazy, 1995). In addition, short 
genotypes are more severely infected than tall genotypes.  
Type I and type II resistance are the most commonly used, and several methodologies 
have been developed to assess these types of resistance by plant breeders. The Sumai 3 cultivar 
is the best source of Type II resistance. Type II resistance is primarily measured by carrying out 
experiments in the greenhouse, through the use of point inoculations with a syringe or needle. 
Different procedures to prepare the spore suspension and produce the infection exist; typically a 
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single central floret is inoculated at anthesis with 2 µl to 10 µl of a macroconidial spore 
suspension. Reported concentrations of spore suspensions can range from 50,000 to 100,000 
spores/mL.  Approximately 21 days after inoculation the number of infected spikelets is counted 
and the percentage of infection is obtained divided by the total number of spikelets. 
Type I resistance is usually measured by inoculating plants in one of the two ways: (1) 
spraying plants at the time of anthesis with a conidial suspension and then counting infected 
spikes 20-22 days after inoculation, or (2) by grain spawn inoculation.  This method is mostly 
used for the evaluation of large amounts of material in field nurseries. The protocols developed 
for this method are similar to those developed utilizing spray inoculation, with the exception that 
the inoculum comes from colonized grain (corn or wheat) that has been spread throughout the 
field. The disease assessment is done around 21-25 days after flowering and this method 
probably comes closest to simulating natural epidemics (Rudd et al. 2001). 
Disease scoring includes both the recording of incidence and severity. Incidence is 
usually recorded as the percentage of diseased spikes over a total number of spikes. Severity is 
recorded as the percentages of diseased spikelets per head and is commonly recorded for 10-25 
spikes per plot. Incidence may be more related to type I resistance and severity to type II 
resistance. 
Type III resistance, or resistance to kernel infection is generally measured by threshing 
infected spikes and observing the damage to the kernels. Kernel number reduction, kernel 
weight, test weight, or visual estimates of Fusarium damaged kernels (tombstones) are common 
measurements to assess Type III resistance.  
Screening genotypes for FHB resistance is not a simple, quick or cheap task. Other 
abiotic or biotic factors such as freeze damage or glume blotch can mask classic disease 
symptoms making the disease evaluations more difficult. Another point to consider is the 
environmental conditions that are necessary for FHB to develop. High humidity and a mean 
temperature of 25 C are required for the infection and spread of the disease. Humidity chambers 
are commonly used in greenhouse experiments and in field experiments sprinkler irrigation 
systems are utilized as well as bagging techniques. There are few estimates in the literature of the 
costs of scoring FHB phenotype. Cost estimates provided by researchers reach six US dollars per 
data point (Van Sanford et al., 2001). 
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Deoxynivalenol production and its role in the infectious process 
 
During FHB epidemics, the infected grain is often contaminated with deoxynivalenol 
(DON), which is a mycotoxin produced by F. graminearum. As epidemics become more 
frequent and severe in many countries, DON contamination has become a major concern for 
animal production and human health (McMullen et al. 1997). The maximun acceptable DON 
levels in wheat grain for human use range from 0.5 to 2 mg/kg in the USA, Canada and some 
European countries (Snijders 1990). 
Resistance to toxin accumulation is a point that is receiving increasing attention in recent 
years. Mesterhazy (1995) reported the type V resistance as resistance to DON accumulation or 
degradation. Amounts of DON in kernels are routinely determined as part of screening. 
Deoxynivalenol is one of the most common and abundant naturally occurring trichothcenes 
(Mirocha et al. 1980). Its role in pathogenesis has been discussed, but results still need more 
clarification. 
Up to the present, several studies have been conducted to clarify the role of DON in 
pathogenesis. Desjardins et al. (1996) produced several trichothecene-non producing mutants 
strains of F. graminearum. These mutants colonized wheat heads, but produced significantly 
(p<0.05) less disease when tested in the field on both hard red and spring and soft red winter 
wheats. When tested on the SRWW ‘Clark’ total yield per spike was reduced by 58% when 
compared to the wild type strain inoculation. The trichothecene-non producing mutants were not 
significantly different from the non-inoculated control when total yield per spike was analyzed 
on the cultivar Clark. The role of DON as a virulence factor was also addressed by Mirocha et 
al., (1997) working with a wild race and a mutant and a moderately resistant cultivar (MN2375) 
and by Bai et al., 2001. The last author reported virulence tests of a DON-nonproducing strain 
and its wild type on three cultivars with various resistance levels by using methods of spray and 
point inoculation with fungal conidia. Their results agreed with previous ones by Desjardins et 
al., (1996) and they first reported that DON production is not necessary for initial infection by 
the fungus. 
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Miller and Young, (1985) studied the phenomenon of DON degradation. They reported a 
declination of DON concentrations after a peak around 6 weeks after inoculation, and they 
associated this with “a breakdown of DON by plant enzymes”. 
Another factor that may limit DON concentration is reduced movement of DON into 
kernels from parts of the head that constitute the chaff at harvest, as suggested by Snijders and 
Kretching (1992) They suggested that DON is translocated from the chaff to the young kernel 
and the pathogen that colonizes the kernel. Some authors do not support this hypothesis. Mirocha 
et al., (1997), reported that no DON was found in spikelets other than those injected with DON.  
Attempts to correlate DON tolerance to disease resistance rating have had mixed results. 
Some authors reported higher correlations (0.75-0.85) between DON concentration and the 
percentage of diseased spikelets ( Wang and Miller, 1988; Lemmens et al, 1997; Bai et al, 2001) 
Others only found moderately correlations (0.45-0.55)(Mesterhazy et al, 1999). The last author 
reported that head blight values, yield response and kernel infection values revealed close but 
varying relationships with DON content. They also pointed out that genotypes have a significant 
influence on DON production in the infected tissue, i.e. highly susceptible cultivars may have 
moderate or low accumulation of DON.  
In a report about the correlation between DON content and head blight rating, Miedaner 
et al. 2003, reported a highly significant correlation (0.81) in one winter wheat F3 population. 
These results together with the heritabilites found (hbs2= 0.83) offer hope to wheat breeders 
because testing mycotoxin content and FHB resistance in F3 populations could be a useful tool 
for selection in early generations.  
 
Breeding for FHB resistance: Conventional breeding 
 
 Although some progress has been made in breeding for resistance to FHB during the past 
decades, breeding commercial wheat cultivars that combine desired agronomic traits and a high 
level of FHB resistance remains a big challenge (Bai and Shaner, 2004). 
In the US, many wheat breeding programs have made FHB resistance one of their major 
objectives. Chinese wheat cultivars resistant to FHB have been widely used as parents in 
breeding programs. 
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Resistance genes from Sumai 3 have been transferred into elite breeding lines. Although Sumai 3 
has been the major source of resistance used worldwide, other sources of resistance have also 
received some attention. In the United States, two winter wheat cultivars commonly used as 
parents in many breeding programs, ‘Ernie’ and ‘Freedom’ do not have the 3BS QTL (the 
quantitative trait locus located on the short arm of chromosome 3B) for FHB resistance (Bai et 
al., 2003).  
Traditional breeding methods such as the pedigree method and single seed descent have 
proven useful in breeding for FHB resistance in wheat (Rudd et al., 2001). Yang et al., 2000 have 
also shown that recurrent selection is highly successful in producing FHB resistant genotypes 
that are also agronomically desirable.  
 Recurrent selection is a population improvement procedure that increases the frequency 
of desirable alleles through repeated cycles of selection and systematic recombination (Fehr, 
1987). This breeding method has been widely used for improving quantitative traits in cross-
pollinated crops, but it has received only limited attention in self-pollinated crops. Recurrent 
selection has been used successfully to increase the resistance in barley (Hordeum vulgare L.) to 
leaf rust (caused by Puccinia hordei Otth.) (Reinhold et al., 1993), and powdery mildew (caused 
by Erysiphe graminis f. sp. Hordei Em.) (Parlevliet and Van Ommeren, 1988). In wheat 
(Triticum aestivum L.) a few studies showed successful results using recurrent selection strategy 
in increasing resistance to powdery mildew (Erysiphe graminis f. sp. tritici)(Abdalla et al., 
1989), and FHB (Jiang et al., 1994; Yang et al., 2000). Jiang et al., (1994) obtained a selection 
response of 18.5% for percentage of diseased spikelets after one cycle of selection and a 4.5% 
after the second cycle. In another study conducting four cycles of recurrent selection in an 
intermating wheat breeding population using the dominant male sterile gene ms2, Yang et al., 
(2000) obtained a gain of 12.5 % after the first cycle and the frequency of lines with FHB 
response equal and/or superior to Sumai 3 were increased to 5-8% after four cycles of recurrent 
selection. 
Until now, conventional breeding procedures have not been able to produce desirable 
cultivars and germplasm with both highly improved scab resistance and high-yielding capacity, 
or other desired traits.  
 
Breeding for FHB resistance:  Breeding using molecular technologies 
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Evaluation of scab resistance is time consuming, laborious and costly because the 
inheritance of resistance is complex and the phenotypic expression is significantly affected by 
the environment (Bai and Shaner, 1994). Breeders make big efforts to find reliable resistances 
for this disease, and in 1997 the US Wheat and Barley Scab Initiative was established to aid 
researchers in their daily work. The US Wheat and Barley Scab Initiative (www.scabusa.org) 
provides funds for research projects, information about the worldwide situation regarding scab 
and organizes an annual meeting for scientists around the world.  
Molecular mapping has been successfully used to elucidate the scab resistance 
quantitative trait locus (QTL). Different authors have reported a main QTL on the short arm of 
chromosome 3B (Bai et al., 1999; Waldron et al., 1999 and Anderson et al., 2001) and also 
important QTLs have been reported in chromosomes 5A and 1B (Buerstmayer et al., 2002).  
Bai et al., (1999) identified 11 AFLP markers tightly linked to a major QTL for FHB resistance 
in a population of RILs derived from Ning7840/Clark. One major QTL explained up to 53% of 
phenotypic variation. This QTL was also associated with DON accumulation in infected kernels 
(Bai et al., 2000). One of AFLP markers for the QTL was converted into a sequence tag site 
marker for marker-assisted selection (Guo et al., 2003). 
Therefore, marker assisted selection (MAS) is closer to be a reality than a possibility in 
breeding for FHB resistance. As Van Sanford et al., (2001) suggested, “Molecular marker 
technology offers the tools needed to identify, select, and combine favorable alleles via 
genotypic selection”.  Thus, marker-assisted selection allows breeders to make selections based 
on the presence of the desirable QTL together with phenotypic selection in the field. Zhou et al., 
(2002), made a first report about the possible success of marker-assisted selection. They isolated 
near isogenic F2 and F4 lines for the major QTL on 3BS chromosome using this technique, and 
they concluded that MAS was a very effective tool for separation of resistant genotypes from 
susceptible genotypes in segregating generations. Yang et al., 2003 conducted a study to examine 
and evaluate the effectiveness of microsatellite markers in selecting for resistance to Fusarium 
Head Blight in two double-haploid populations segregating for Sumai 3-derived resistance genes. 
They found that two genomic regions located in chromosomes 3B and 6B were significantly 
associated (P<0.001) with FHB resistance in one population and only the region located in 
chromosome 3B was significantly associated (P<0.001) with FHB in the second population they 
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screened. They concluded that the use of microsatellite markers gwm533 and gwm493 on 3BS in 
addition to gwm644 on 6B have the potential for accelerating the development of wheat cultivars 
with improved FHB resistance. 
The establishment of several regional USDA-ARS genotyping centers in the United 
States in 2001 to the present is having an important impact for the use of marker-assisted 
selection in breeding for FHB (D. Van Sanford, personal communication). The regional labs 
were created with the goal of providing regional centers with high throughput marker systems 
that would be used to genotype plants in breeding populations submitted by the plant breeders. 
 Another approach that has been used involves transgenic techniques. With transgenic 
techniques a broader number and diversity of genes can be used for enhancing FHB resistance. 
Progress has been made in optimizing transformation technologies and in production of 
transgenic plants (Muehlbauer and Bushnell, 2003). Several genes for antifungal proteins (AFP) 
or with a DON-reducing function have been used as transgenes. In one study, Chen et al., (1999) 
reported that transgenic wheat plants carrying a rice thaumatin-like protein gene exhibited 
delayed expression of FHB symptoms. But the complexity of the basis of the resistance to F. 
graminearum makes identification of transgenes difficult. 
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Chapter 3 
 
Genetic Parameter Estimates for Fusarium Head Blight Resistance and Related Traits in Three 
F2:4 Soft Red Winter Wheat Populations. 
 
Introduction 
 
Fusarium Head Blight (FHB), or head scab, caused by Fusarium graminearum 
(Schwabe) is a historically devastating disease of wheat and barley around the world. Since 
1991, scab outbreaks of varying intensity have been common and widespread across much of the 
eastern half of the United States, affecting the yield and quality of wheat produced. During FHB 
epidemics, the infected grain is often contaminated with deoxynivalenol (DON), which is a 
mycotoxin produced by F. graminearum and has become a major concern for animal production 
and human health (Mc Mullen et al., 1997). 
The spring wheat cultivar Sumai 3 and its derivatives such as ‘Ning 7840’, is the most 
widely used source of resistance in the world and is the best characterized. Because of its high 
general combining ability for scab resistance and some other traits, Sumai 3 was used as a 
resistant parent with success in China (Bai and Shaner, 1994) and after its introduction in US it 
has been used extensively for both spring wheat and winter wheat breeding programs 
(Wilcoxson, 1993; Bai and Shaner, 1994). 
Resistance to FHB is usually reported to be quantitatively inherited with a continuous 
distribution among the progeny (Bai and Shaner, 1994; Buerstmayr et al., 1999). Different 
studies indicate that resistance is mainly controlled by additive genetic effects, but dominance 
effects might also be significant (Hall and Van Sanford, 2003). 
The amount of genetic variation among and within segregating populations and the 
generation in which selection is practiced is important for optimizing selection in breeding. In 
winter wheat, Snijders (1990c) calculated heritabilities ranging from 0.05 to 0.89 among 23 F2 
populations for head blight rating. Miedaner et al., (2003) working in four environments, 
calculated heritabilities of 0.83 for head blight rating and 0.71 for DON content in one F3 
population. They also reported a strong correlation (0.8) between these traits. 
The winter wheat cultivar 25R18 has resistance to FHB from Chinese spring wheat 
sources (D. Van Sanford, personal communication, 2001). Other winter wheats such as ‘Ernie’  
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(McKendry et al., 1995), ‘Freedom’ (Gooding et al., 1997) and ‘Roane’ (Griffey et al., 2001) are 
viewed as tolerant to FHB, but do not contain resistance genes from any Chinese spring wheat 
sources. 
Breeding a soft red winter (SRW) wheat cultivar that is resistant to FHB and well adapted 
to the southeastern US is a goal of the University of Kentucky SRW wheat breeding program. 
With this objective in mind and the idea that selecting in early generations could accelerate the 
breeding process, three SRW wheat populations were evaluated during two years and their 
genetic parameters were calculated. 
 
Materials and Methods 
 
Genetic Material 
Three F2:4 SRW wheat populations of 40 lines each were evaluated during 2003 and 2004 
at two different locations in Kentucky (Lexington and Princeton). Pedigrees of the three 
populations are given in Table 3.1. Each population contained within its pedigree a derivative of 
the resistant Chinese cultivar Sumai 3. This spring cultivar is the most widely used source of 
resistance in the world and is the best characterized.  
 
2003: 
The F2:4 populations were planted in two-row plots with 0.20 m between rows 1 m long 
on 24 October 2002 at Lexington, KY and on 4 November at Princeton, KY. The two row plots 
were planted in a randomized complete block design with three replications at Lexington and 
two at Princeton. The previous crop was corn (Zea mays L.) and the seedbed had been chisel- 
plowed and disked.  
2004: 
  F2:5 seeds were planted in hill plots on 22 October 2003 at Lexington and 20 October at 
Princeton. The source of seed was the bulked F2:4 families from 2003. Hill plots consisted of 10 
seeds per replication with plots planted on a grid approximately 25 cm apart. The populations 
were planted in a split-plot design, with the lines as main plots and the selection treatment as the 
subplot. There were two selection treatments: random (i.e. no selection) and low severity. Details 
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of the recurrent selection scheme will be provided in subsequent chapters. The previous crop was 
corn (Zea mays L.) and the seedbed had been chisel-plowed and disked. 
 
Macroconidial spore suspension 
 Eleven cultures of Fusarium graminearum were obtained from scabby wheat seed by 
surface sterilization and plating onto acidified potato dextrose agar. All the isolates were 
obtained from different geographical regions of Kentucky. To induce sporulation, mycelium 
from the cultures was plated onto carnation leaf agar. Plating a single-spore onto acidified potato 
dextrose agar ensured culture purity. The cultures were then increased on potato dextrose agar. 
Macroconidial suspensions were prepared by placing two mycelial plugs from a culture of F. 
graminearum in 100 ml of carboxymethycellulose (CMC) liquid media. Flasks were placed on a 
shaker (115 Rpm) for 2 weeks at 24°C. Spore suspensions were prepared by filtering the cultures 
through a 3.0 mm Millipore filter system. Macroconidia were resuspended in sterile water and 
streaked onto mung bean agar plates. The plates were incubated for 7 and days then washed with 
sterile water. The washed suspension from each of the twelve isolates was then combined and 
calibrated with the aid of a hemocytometer. For the point inoculation treatment in 2003 the 
suspensions from each of the eleven isolates were combined and calibrated to 400,000 
spores/mL. From this spore suspension a 3 µl aliquot containing approximately 1,200 spores was 
injected into wheat spikes. 
 
Grain spawn inoculation 
The field inoculation protocol was modeled after the method of Fauzi and Paulitz (1994) 
with some modification. Spawn bags were used to contain the grain spawn inoculum. Each bag 
contained 1000 g of corn (Zea mays L.) and 769.23 ml water, which was added to provide 
adequate moisture for the pathogen to grow. The corn was allowed to imbibe the water overnight 
and then the bags were autoclaved. Eleven F. graminearum isolates were used to inoculate the 
bags, with each bag receiving one particulate isolate. Inoculations were made through potato 
dextrose agar plugs. The bags were sealed and were set upright on a shelf for incubation. The 
bags were shaken daily to ensure a uniform colonization of the grain. The bags remained on a lab 
bench at room temperature for three weeks. After three weeks, when the fungus had adequately 
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colonized the corn, the grain spawn was thoroughly mixed to incorporate the eleven isolates into 
one mixture.  
  On 16 April 2003 and the same day in 2004 wheat plots were inoculated prior to heading 
(GS 7, Feeks Scale) by spreading 35.4 g/m2 of the inoculated corn mixture within each plot. 
Plots were mist irrigated three times daily for fifteen minutes to keep the inoculum moist until 30 
April when the irrigation system was set to the programmed irrigation schedule. 
 
Point inoculation 
In 2003, at Lexington, 10 heads/plot were also point-inoculated when 50% of the plot 
reached the flowering stage (GS 10.5, Feeks Scale). A 3 µl droplet of a macroconidial 
suspension containing approximately 1,200 spores was injected with a pipette directly through 
the glumes in a central floret of the 10 randomly chosen heads per plot that were previously 
marked with colored tape. Point-inoculating the plots with the spore suspension ensured that all 
plots would receive the same disease pressure regardless of their flowering time, and also 
provide information about the association between the two screening techniques. 
At both locations and years an overhead mist-irrigation system on an automatic self-timer 
was installed to provide adequate moisture and humidity for an FHB epidemic. The irrigation 
schedule included two periods of water delivery: one during the hours between 6 and 8 am and 
the other during the hours between 8 and 10 pm. The morning and evening irrigation schedule 
delivered water every 15 minutes in 5 minutes periods.  
 
Field disease evaluations 
Anthesis notes were taken daily. Those plots that reached anthesis first were scored first. 
In 2003, disease incidence was calculated as the total of diseased spikes per plot divided by the 
total number of spikes (on a basis of 100 spikes). The readings were taken between 24-28 days 
post anthesis. Incidence was not measured in 2004 because the experiment was planted on hill 
plots that had only 25-30 spikes.  
Disease severity was assessed in the colonized corn kernels treatment by counting the number of 
visually diseased spikelets in ten randomly chosen heads and dividing it by the number of total 
spikelets. The scoring was taken approximately 21-24 days after inoculation. In the point- 
inoculation treatment, ten heads were randomly chosen and marked at heading. Anthesis date 
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was taken individually on these heads and written down on a tag. The heads were injected at 
flowering and 21 days later were scored for severity as has been already described. The scoring 
on the injected heads was done from the inoculation point (injected floret). Height (cm) was 
recorded during the seed filling period. 
 
Fusarium damaged kernels (FDK) and DON content evaluation 
In 2003, at harvest maturity, each plot was harvested with a small plot combine with a 
minimum of forced air. In 2004 the hill plots were cut by hand and the spikes threshed in a 
stationary thresher with a minimum of forced air so as to minimize the seed loss. 
FDK procedure 
A 200 seed sample was randomly taken and was sorted into two classes (healthy and non-
healthy) based on the visual appearance of the seed. The primary constituent of the non-healthy 
seed class was the “tombstone” kernels. These are light seeds showing pinkish discoloration and 
chalky, shriveled appearance. The number of seeds in each class was counted and the percentage 
of scabby seed was used as the estimate of FDK. 
DON test procedure 
A five gram sample of grain from each plot at Lexington  (2003) was analyzed for DON using 
the EZ-Quant Vomitoxin Test Kit from the Diagnostix Company. Each sample was ground in a 
coffee grinder for 15 seconds. The coffee grinder was vacuumed between samples to protect 
against any cross contamination. Twenty-five ml of distilled water was added to each ground 
sample and the remainder of the test was completed following the protocols contained within the 
EZ-Quant Vomitoxin Test Kit. Two replications from each F2:4  population were sampled for the 
DON analysis. 
 
Statistical Analysis 
Data from the individual locations in the 2003 experiment was analyzed using the 
following model for all six traits (severity, incidence, FDK, height, anthesis date and DON): 
                                                 Yij= µ + βI +Gj+Eij
Where Yij = the observation on the ith block and the jth genotype  
µ = the overall mean  
βI = the ith block 
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Gj= the jth genotype 
Eij= the residual error 
Combined analyses (including both locations and years) were analyzed using the 
following model for all six traits (severity, incidence, FDK, height, anthesis date and DON): 
                                                 Yij= µ + eI +Gj+ (Ge)ij + Eij
Where Yij = the observation on the ith block and the jth genotype  
µ = the overall mean  
eI = the ith environment 
Gj= the jth genotype 
(ge)ij= the genotype x environment interaction 
Eij= the residual error 
Severity data taken on ten individual heads per plot were averaged together to give a mean 
severity for each plot (2003) or hill plot (2004). The other traits were measured on a plot basis. 
These plot means were used in all analyses.  
Estimates of the variance components i.e. genotypic variance (σ2g), genotype-environment 
interaction variance (σ2gxe), and error variance (σ2) were calculated with Proc GLM (SAS,1990) 
by equating mean squares to their expectations. 
Broad sense heritabilities were calculated on an entry-mean basis for the five traits in 
both years using the method of Knapp et al. (1985). Exact 90% confidence intervals for 
heritability were calculated according to Knapp and Bridges (1987) 
Narrow sense heritability of FHB severity was estimated for each of the three 
populations. To attain these narrow sense heritabilities a second analysis of the data was 
completed under the following model: 
                                                       Yij= µ + Fi +Eij
Where Yij = the observation   
µ = the overall mean  
Fi = the ith family 
Eij= the residual error 
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The one way ANOVA partitions variance among and within the F2:4. The within-family 
variation contained both the within-family genetic variation and the within-family environmental 
variation.  
To proceed further, an estimate of the within-family environmental variation observed in 
FHB severity was needed. Two SRW wheat cultivars 2555 and 25R18 were grown adjacent to 
the populations and were treated with the same disease pressure. Seven replications of these two 
cultivars were scored for FHB severity on ten individual spikes per replication. The individual 
spike to spike analysis of these cultivars yielded two estimates of the within-family 
environmental variation (134 for 25R18 and 283.1 for 2555). The mean of the two estimates 
(208.5) was used for the three populations. The obtained estimates of the within-family 
environmental variation were subtracted from the within-family variation resulting in an estimate 
of the within-family genetic variation. 
The among-familiy genetic variance contains 11/2 of the additive variance and 3/16 of 
the dominance variance. The within-family genetic variation contains 1/4 the additive variance 
and 3/4 dominance variance. 
σ2G = 1 1/2 σ2A   +   3/16 σ2D 
σ2 WG = 1/4 σ2A   +   3/4 σ2D 
Solving these two equations simultaneously gave estimates of the additive genetic variance and 
the dominance genetic variance. These estimates are given in Table 3.21.  
Narrow sense heritabilities among F2:4 family means for FHB severity were calculated using the 
following formula: 
                                                       h2(NS) =               σ2A
                                                                     1.5σ2A + 3/16σ2D  + (σ2e/r) 
 
The genetic gain from selection based on F2:4 families means was predicted using the formula: 
                                              ∆G= h2 iσp 
where h2= the narrow sense heritability based on F2:4 family means 
            i= the selection intensity 
σp= phenotypic standard deviation 
A 2.5 % selection intensity was assumed. 
Correlations of interest were estimated using SAS procedure CORR (SAS, 1990).  
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The genetic correlation (rg) was calculated with the following formula (Robertson, 1960): 
                                                 σ2GxE =   ( σGl  - σGp)2   + rgl,p (σGl  x σGp) 
                                                                  2 
where σ2GxE= Genetic x Environment interaction variance component 
            σGl = Square root of the genetic variance component at Lexington  
            σGp= Square root of the genetic variance component at Princeton 
 
 
Results and Discussion 
 
A different intensity of epidemic was observed in each year of this study largely due to 
environmental differences between the years. As we know environmental factors have a great 
influence on the development of FHB (Parry et al., 1995). Temperature and rainfall during the 
flowering period were recorded at Spindeltop Farm (Lexington). The data for the mean daily 
temperature, mean daily relative humidity and daily rainfall are summarized in Table 3.2 and 
Figures 3.1and 3.2. The impact of these differences at Lexington will be discussed later in this 
chapter. 
There was no significant interaction of genotypes with locations for severity, incidence 
and FDK in populations 1 and 3 except for FDK in population 1. These results indicated that the 
response of the genotypes was similar across the two locations. Population 2 showed significant 
interaction between genotypes and locations. The means and standard errors for all the measured 
traits are shown in Tables 3.3, 3.4 and 3.5.  
For a better description of the results, each trait will be discussed separately. 
Severity (%) 
Evidently, environmental conditions were more favorable for infection in 2004 than in 
2003 because infection severity was higher in 2004 than in 2003. Population 2 had the lowest 
mean FHB severity both years, 32.66% in 2003 and 36.82% in 2004. The three populations 
showed significant variation (P<0.001) among the F2:4 families in 2003 for this trait and also in 
2004 among  F2:5 families.  
Fusarium Damaged Kernels (FDK %) 
 21
As for severity, FDK percentages were higher in 2004 than 2003. Population 1 had the 
lowest mean FDK in 2003 (15.4%) and Population 2 in 2004 (32.22%). The three populations 
showed significant variation (P<0.001) among the F2:4 families in 2003 for this trait and also in 
2004 among  F2:5 families.  
Incidence (%) 
Population 1 had the lowest incidence in 2003, with a mean of 52.4 %, followed by 
population 2 (53.2%) and population 3 (59.07%). The three populations showed significant 
variation (P<0.001) among the F2:4 families in 2003 for this trait. Incidence was not measured in 
2004 because the experiment was planted in hill plots that had only 25-30 spikes.  
DON (ppm) 
DON concentration varied from 8.02 to 12.2 ppm in the three populations. Population 1 
had the lowest DON content, 8.02 ppm (Table 3.3). The DON content in 2003 was higher than 
usual across Kentucky and the mid-Atlantic winter wheat region (D. Van Sanford, personal 
communication 2003). Great concern existed among farmers and researchers about this issue 
because there are strict guidelines on the amount of allowable DON in grain for human 
consumption (0.5 to 2 mg/kg) in the US, Canada and some European countries (Snijders, 1990).  
 
 Severity (point inoculation) 
In 2003, at Lexington, 10 heads per plot were injected at anthesis with a macroconidial 
suspension and 21 days after anthesis the heads were scored for severity. Mean severity 
percentages were lower with point inoculation than with the colonized maize kernel inoculation 
method for the three populations. Population 1 had the lowest severity, 20% (Table 3.3). Some 
authors have discussed the accuracy of the different methodologies, and their suitability for 
breeding purposes. Miedaner et al., (2003), comparing spray and point inoculation found 
significant interaction between genotypes and inoculation methods. Consequently, they found a 
medium to low correlation (0.40; P<0.01) for severity. On the other hand, Yang et al., (1999) 
conducted an experiment to compare the percentage of diseased spikelets with two 
methodologies, spread colonized kernels and point inoculation. They found higher means with 
single floret inoculation than with colonized corn kernels. They also found a strong positive 
correlation between both inoculation methods for severity (0.78; P<0.01), therefore they 
concluded that the performance with two methods is closely related. I found higher mean 
 22
severities with the scabby corn inoculation and a significant, (P<0.01) moderate correlation 
between the two methodologies (0.60 and 0.55) for populations 1 and 2, and a low correlation 
(0.32; P<0.05) for population 3. These correlations support the findings by Yang et al., 1999, 
except for population 3. There was no significant interaction of genotypes with inoculation 
method (injection and infected corn) for populations 1 and 3 and a significant (P=0.05) 
interaction between genotypes and inoculation method for population 2. Point inoculation is 
known as a good indicator of type II resistance (resistance to spread through the spike), but it is 
costly and time consuming when applied to large amounts of material, especially in field 
conditions. The results from this study suggest that is not worth spending so much time injecting 
spikes in the field, because the infection caused by spreading infected corn provides accurate 
information for family testing and future selection.  
 
Relationship with weather patterns 
As was mentioned earlier, different levels of FHB epidemic were reached each year. 
Mean temperatures in 2003 were 18°C from 1-15 May and 16.7°C from 16 to 31 May. It should 
be pointed out that the period between 1-15 May was very important for the ascospore 
production, while infection and disease spread through the spike mainly occurred from 10-31 
May. The rainfall was 152.2 mm for the month. In contrast, in 2004 the mean temperatures were 
a little higher, 18.7°C and 21.6°C for the same periods and the total rainfall was 234.9 mm. The 
higher temperatures during the last 2 weeks of May with a higher total precipitation and high 
mean relative humidity (80.7%) are factors that may have played an important role in producing 
high levels of disease infestation. 
The variation between 2003 and 2004 can be observed in tables 3.6 and 3.7 where checks 
and mean severity and FDK populations are compared. Moreover, to address this important point 
a graph with the area under the disease progress curve (AUDPC) for the susceptible check 2555 
is shown (Figure 3.2). The variation between the two years for severity and FDK in the three 
populations and the checks is evident. In Lexington (Table 3.6) the mean severity for 25R18, the 
resistant check was 12.1% in 2003 and 43.8% in 2004. The severity in 2004 was extremely high, 
considering that 25R18 is a resistant winter wheat cultivar, with resistance derived from Sumai 3. 
The susceptible check, 2555 had a mean severity of 51.8% in 2003 and 77.4% in 2004. These 
high FHB severity values show the differences between 2003 and 2004. The impact of the high 
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disease pressure in 2004 on FDK was also evident for the three populations and the checks. In 
many lines and both checks the percentage of FDK reached 50-60% (Table 3.6). For example, 
the resistant check (25R18) had 65% FDK in 2004 compared with 4.8% in 2003. 
At Princeton (Table 3.7) the situation was very different. With similar weather both 
years, the checks behaved in an opposite way. 25R18 had an average severity of 25.5% in 2003 
and 18% in 2004. On the other hand, 2555 varied from 43.6 in 2003 to 57% in 2004. The 
percentage FDK varied little between the two years, for the three populations and the checks. 
25R18 had a mean FDK of 15% in 2003 and 10.1% in 2004, while 2555 had a mean FDK of 
33.4 % in 2003 and 41% in 2004. 
Significant genotypic variation and genotype x environment interaction was observed in 
each Population (Tables 3.26 to 3.58). Broad sense heritabilites were calculated for all traits in 
both years (Tables 3.8, 3.9 and 3.10). Height and flowering date were highly heritable (0.65, 
0.63) in Population 1 in 2003 and flowering date also in 2004 (0.75). Severity and FDK were 
moderately heritable in 2003 (0.34, 0.34) and in 2004 (0.64, 0.28). Incidence and DON content, 
measured only in 2003 showed a moderate heritibility (0.4). In the case of DON, a very 
important trait in breeding for FHB resistance, this moderate heritability offers hope to the 
breeder, and shows that the selection of lines in population 1 based on the DON content would 
be successful. The combined heritabilites (2003-04) showed a good agreement with the 
individual year estimates (Table 3.8).  
Population 2 showed higher heritabilities than population 1 for 2003 except for DON 
where the heritability was negative. Height and flowering date were highly heritable in 2003 
(0.89, 077) and height was also highly heritable in 2004 (0.75). Severity, FDK and incidence 
were moderately heritable in 2003 (0.60, 0.56, 0.63) while severity, FDK and flowering date had 
lower heritabilities in 2004 (0.35, 0.18, 0.29). The combined heritabilities (03-04) showed a good 
agreement with the individual year estimates (Table 3.9). 
Population 3 showed moderate to high heritabilities for severity in both years (0.59 and 
0.74) and for flowering date and DON content in 2003 (0.52, 0.41). Height was highly heritable 
in both years (0.82 and 0.71). FDK and incidence had low heritabilities in 2003 (0.06, 0.22) and 
FDK was moderately heritable in 2004 (0.57). The broad sense heritability was surprisingly 
negative for this trait when it was calculated combined for both years. Combined heritability for 
severity and height agreed with the estimates for both individual years (Table 3.10). 
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The estimation of the amount of phenotypic variation that is due to environment and 
genotype environment interaction is of crucial importance in practical breeding, and allows 
estimating broad sense heritabilities with more accuracy. In this study four testing environments 
(two year and two locations) were used; therefore the combined hbs2 for all traits were not 
inflated by genotype x environment interaction. The magnitude of these estimates is encouraging 
and supports the idea of selecting for FHB resistance in early generations. Miedaner et al. (2003) 
analyzing one wheat population, suggested that selecting for low DON content and severity 
could be successfully started in the F3 generation when testing is done in many environments. 
They found high heritabilities (0.70-0.80) for both traits. I found moderate hbs2 over locations and 
years for almost all traits (Table 3.8, 3.9 and 3.10). 
Correlations between the five traits in each location over both years are given in tables 
3.11 to 3.19. The correlations between traits at Lexington were stronger than at Princeton for the 
three populations. This is somewhat surprising because Princeton is a suitable environment for 
wheat production in Kentucky and it is a location that meets the climatic conditions (high 
temperature and humidity during spring), necessary for FHB infection and development. An 
important point to consider and a possible cause to the low correlations in Princeton is the fact it 
was difficult to score severity and other traits at the best moment for each plot as was done in 
Lexington. Princeton is 210 miles away from Lexington and it was impossible to go more often 
than once a week. I think this point could influence the results at this location, especially the 
severity readings in both years. 
In 2003, the correlation between severity and incidence was moderate (0.52; 0.54) and 
significant (P<0.001) for populations 2 and 3 and there was a moderate to low correlation (0.37) 
in population 1 (P<0.01). The association between severity and FDK was moderate and 
significant (0.43, 0.60 and 0.64; P<0.01) for populations 1, 2 and 3 respectively. The correlation 
between severity and DON was also significant (P<0.01) and strong as well as the correlation 
between FDK and DON. These correlations are shown in table 3.20 and varied in population 2 
from 0.4 to 0.7 (P<0.01), in population 1 from 0.2 to 0.4 (P<0.01) and in population 3 were 0.4 
(P<0.01). These correlations are desirable for breeding purposes and agree with estimates from 
the literature. Bai et al., (2001) reported a correlation between severity and FDK of r = 0.54. On 
the other hand, Hall (2001) found for the same populations I am working with a lower 
correlation (r=0.34;P<0.01), which was somewhat surprising after the moderate correlations I 
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found, but it is desirable to have higher correlations in later generations because as plants are 
reaching complete homozygosity we could be more confident in breeding decisions. 
 The correlations between traits found in 2004 agree to some extent with correlations from 
2003. The correlation between severity and FDK was still strong and significant for populations 
2 and 3 (0.58; P<0.01) but was lower than in 2003, and not significant and weak for population 1 
(r=0.08). Looking at the correlations at Lexington between the two years (Tables 3.11, 3.14, 
3.17) it is important to note that they were lower in 2004 than 2003. The high disease pressure in 
2004 could be the cause of the lower correlations as was suggested by Lemmens et al., 2004. In 
their study, they found higher correlations coefficients between visual data and DON 
contamination at moderate disease levels of infection and a deteriorating relationship of the same 
traits with an increase in the disease pressure. 
DON is a difficult trait to breed for because the factors influencing the toxin accumulation 
are still not well understood. Mesterhazy (1995) stated the presence of resistance to DON 
accumulation, suggesting that some genotypes with low severity and kernel infection could have 
a high contamination with toxins and vice versa. He also pointed out that a given amount of FDK 
might mean a very different amount of toxin metabolites. My results did not fully support these 
conclusions. These experiments showed that breeding lines with low severity and FDK will lead 
to lines with low DON accumulation, considering the moderate and significant correlations 
found. Among the three populations, Population 2 showed the best association between these 
traits and DON (Table 3.20), therefore it is desirable to continue with the evaluation of these 
lines in breeding for FHB resistant cultivars. DON and FDK had a correlation of 0.71 in 
Population 2 which agrees with the literature. Lemmens et al., (1997) reported correlations of 
0.78-0.81 between percentage of diseased spikelets and DON content. Moroever, Bai et al., 
(2001) reported a correlation of r = 0.5 and Miedaner et al., (2003) reported a correlation of r = 
0.81. Mesterhazy (1999) also suggested that DON contamination changed more extensively than 
severity and FDK due to the climatic factors each year. Unfortunately, I couldn’t do toxin 
analyses in 2004 because the yield loss was so high that the amount of seed per plot was 
insufficient to perform any DON extraction. Hall, (2001) suggested that a high correlation 
between severity and FDK would allow one to measure the FHB infection visually after harvest 
and in a faster way and select resistant lines, basing the observations on FDK. I support this 
conclusion based on the 2003 results but results from this study showed that in a year like 2004 
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with such high disease pressure, the correlations between FDK with severity and DON were 
lower. Therefore, the reliability of selection for low DON based on low FDK is reduced.  Toxin 
analyses are time consuming and costly, and in early generations are not efficient because the 
lines are segregating so resistance should be evaluated through visual screening, as FDK, 
severity or an index combining both traits as FHBindex and ISK (Table 3.20). ISK is an index that 
includes severity, incidence and FDK (Kolb et al., 2003). FDK showed a better agreement with 
DON accumulation than severity, FHBindex and ISK and it could be used as a indicator of DON 
levels except in years with such high disease pressure as 2004. An index including different traits 
or the same material planted in other locations could be alternatives to make selection decisions 
without losing accuracy. 
The association between severity and height has received attention from researchers. 
Height is a trait mentioned in the literature as negatively correlated with severity or incidence 
(Hilton et al., 1999; Buerstmayer et al., 2000). Mesterhazy (1995) considered height as a 
character associated with passive resistance. He explained that short genotypes were naturally 
more severely infected than tall ones because they were closer to the source of inoculum. On the 
other hand, Hilton et al., (1999) suggested that linkage effects were involved in the association 
between disease severity and height. In this study, population 2 showed a moderate negative 
correlation in 2003 (-0.63; P<0.01) and a weak correlation in 2004 (-0.23). Population 3 showed 
a weak correlation in 2003 (-0.11) and moderate and significant correlation in 2004 (-0.62; 
P<0.01). Population 1 showed no significant correlation between both traits across years. These 
results are contradictory with the literature, because the no significant association suggests that it 
is possible to find short or tall cultivars with different degrees of FHB infection. This is desirable 
for breeding purposes because it would be possible to select short genotypes with moderate 
resistance among the lines in these populations. 
Flowering date is a trait also thought to be negatively correlated with severity. Bai and 
Shaner (1994) stated that most of the resistant cultivars in China are later maturing. Hall, (2001) 
found for these populations significant but low negative correlations between both traits. I also 
found a significant and negative low correlation between flowering date and severity in 
Population 1 both years (-0.36 and -0.37; P<0.01) and only in 2003 for population 2 (-0.49; 
P<0.01). It is important to note that later cultivars sometimes can ‘escape’ disease pressure and 
this is the reason why the correlations were negative. The weak association between the traits 
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indicates that it is possible to find resistant types that are not late flowering. This is good news 
for breeders, because late cultivars are not desirable in a double-cropping environment. 
Interestingly, I found for the three populations negative and stronger correlations between 
FDK and height than severity and height for 2004. Low FDK is a very important breeding 
objective. Given the strong association between FDK and DON content and the high DON levels 
in Kentucky in recent years, FDK may be a better indicator of disease reaction than severity. 
Short-strawed cultivars are also a desirable agronomic trait, so selection for resistance to 
Fusarium head blight could be problematic if taller genotypes result from selection. Further 
studies should be done to elucidate this association. 
Estimates of the additive genetic variance and the dominance genetic variance based on 
F2:4  family means are shown on table 3.21. Based on additive and dominance variances, narrow 
sense heritabilities (hNS) for severity were calculated for the three populations for 2003 data at 
Lexington (Table 3.21). Narrow sense heritability was surprisingly higher that h2BS in population 
1 (0.56 vs 0.34). Populations 2 and 3 had lower h2NS as expected.  
To go further, the predicted genetic gain based on the F2:4 families means was calculated 
for each population and the results showed that the expected gain ranged from 5.9% in 
Population 1 to 6.1% in Population 3(Table 3.21). The implications of these predictions and the 
actual validity will be discussed on the following chapter.  
Finally, genotypic correlations (rg) between severity means at Lexington and Princeton 
were calculated for both years. The genotypic together with the phenotypic correlations are 
shown in table 3.22. The values were estimated from the variance components and the lack of 
agreement between both could be caused by the standard errors and the great genotype x 
environment (GxE) interaction found. Also the mathematical formula used could bring some 
variation to the estimates calculated. The GxE interaction is comprised of two factors, 
interactions due to differences in scale and interactions due to changes in genotype rank. The 
estimation of the genetic correlation allows one to determine whether the changes in families 
performance were due to a scale or ranking factor. Unfortunately, the estimates of genetic 
correlation didn’t give an accurate answer to this question, but the tables 3.23, 3.24 and 3.25 
offer some insights. The three tables show for each population the different family rankings in 
two years at two locations (four environments). This is important from a breeder’s perspective, 
because comparing the families’ performance is the common way to make selections. Some 
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families showed a small rank change and those are the most interesting for a breeder. For 
example, in population 1 (table 3.23) line 12 was stable and had great performance on the four 
environments and lines 6, 23 and 30 in three environments out of four. A pitfall line 12 could 
have is that it has very late maturity (it flowered 10 days later than the average) so it is possible 
at some point that it has escaped the disease infection. In population 2 (table 3.24), lines 1 and 39 
had a very good performance in three environments and I would consider lines 2, 29 and 36, 
because they ranked very well in 2003, and as I already mentioned the disease pressure was so 
intense in 2004, that this could have masked some resistance in those lines. In population 3, lines 
7, 24 and 37 had very good performance in three of the four environments and lines 2 and 32 in 
2003, so they should also be considered as possible lines with good resistance should be screen 
in subsequent years. 
 29
Table 3.1: Pedigree information of three F2:4 soft red winter wheat populations. 
 
 Pedigree 
Population 1 Ning 7840/2691//2684/3/Elkhart 
Population 2  Purdue 5/Foster//Foster 
Population 3 Ning 7840/2691//2684/3/25R57 
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Table 3.2: Average temperature (T, °C), total precipitation (Ppt, mm) and mean relative humidity 
(RH%) at Lexington, KY in May 2003 and 2004.  
 
 1-15 May 03 16-31 May 03 1-15 May 04 16-31 May 04 
T  (°C) 18.1 16.7 18.7 21.6 
Ppt (mm) 112.3 48.8 56.1 192.5 
RH (%) 78.2 76.8 71.3 80.7 
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Table 3.3: Means (Av.) and their standard errors (SE) for FHB severity (%), incidence (%), Fusarium damaged kernels (FDK 
%), height (cm), anthesis date, deoxynivalenol (DON) content and severity (%) with point inoculation (inj) for Population 1 
after artificial inoculation in two years and two locations. 
 
  Severity
(%) 
Incidence 
(%) 
FDK 
(%) 
Height 
(cm) 
Anthesis Date 
(after May 1) 
DON 
(ppm) 
Severity (inj) 
(%) 
Environments Av.      SE Av.       SE Av.       SE Av.        SE     Av.        SE Av.         SE 
Lexington 03 29.5      0.9 45.7       1.7 12.2       0.6 92.0      0.28 12.8 8.02       1.3 20.0       0.62 
Princeton 03 38.9      1.4 59.2       2.5 18.6       1.1  9.7   
Lexington 04 50.8      1.5  65.8       2.1 89.1      0.28 16.4   
Princeton 04 
 
32.9      1.2 
 
 26.6       2.0 
 
 10.5 
 
  
    
. 
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Table 3.4: Means (Av.) and their standard errors (SE) for FHB severity (%), incidence (%), Fusarium damaged kernels (FDK 
%), height (cm), anthesis date, deoxynnivalenol (DON) content and severity (%) with point inoculation (inj) for Population 2 
after artificial inoculation in two years and two locations. 
 
 Severity Incidence 
(%) (%) 
FDK  
(%) 
Height  
(cm) 
Anthesis Date 
(after May 1) 
DON  
(ppm) 
Severity (inj) 
(%) 
Environments Av.       SE Av.      SE Av.      SE Av.       SE     Av.        SE Av.       SE 
Lexington 03 30.1       0.9 50.1      1.3 10.4      0.5 104.1    0.28 12.8 10.2       1.3 23.8      0.98 
Princeton 03 35.2       1.3 56.3      2.1 27.0      1.1  11.1   
Lexington 04 38.9       1.4  43.4      2.3 100.5    0.28 14.0   
Princeton 04 
 
35.9       1.1 
 
 21.1      1.4 
 
           8.0   
     
.
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Table 3.5: Means (Av.) and their standard errors (SE) for FHB severity (%), incidence (%), Fusarium damaged kernels (FDK 
%), height (cm), anthesis date, deoxynivalenol (DON) content and severity (%) with point inoculation (inj) for Population 3 
after artificial inoculation in two years and two locations. 
 
 Severity Incidence 
(%) (%) 
FDK 
(%) 
Height 
(cm) 
Anthesis Date 
(after May 1) 
DON 
(ppm) 
Severity (inj) 
(%) 
Environments Av.       SE Av.       SE Av.       SE Av.       SE     Av.        SE Av.       SE 
Lexington 03 31.2       0.9 43.6       1.3 13.0       1.1 86.4     0.31 12.0 12.2       1.3 26.2      0.97 
Princeton 03 40.7       1.3 74.5       1.6 27.7       1.1  10.0   
Lexington 04 41.6       1.2  57.4       2.5 87.0     0.29 12.0   
Princeton 04 
 
39.4       1.2  20.2       1.3 
 
 8.6   
      
 34
Table 3.6: Mean Fusarium head blight (FHB) severity (%) and Fusarium damaged kernels (FDK) 
for the three populations with checks at Lexington, KY in 2003 and 2004. 
 
 2003 2004 
 Severity (%) FDK (%) Severity (%) FDK (%) 
Population 1 29.5 ± 0.9 12.2 ± 0.6 50.8 ± 1.5 58.4 ± 2.1 
Population 2 30.1 ± 0.8 10.4 ± 0.5 38.9 ± 1.4 43.4 ± 2.0 
Population 3 31.2 ± 0.9 13.0 ± 1.1 41.6 ± 1.2 57.4 ± 0.9 
25R18 12.1 ± 1.1  4.8 ± 1.5 43.8 ± 1.2 65.8 ± 9.4 
2555 51.8 ± 1.6 16.3 ± 2.9 77.4 ± 1.7 68.0 ± 6.4 
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Table 3.7: Mean Fusarium head blight (FHB) severity (%) and Fusarium damaged kernels (FDK) 
for the three populations with checks at Princeton, KY in 2003 and 2004. 
 
 2003 2004 
 Severity (%) FDK (%) Severity (%) FDK (%) 
Population 1 38.9 ± 1.4 18.6 ± 1.1 32.9 ± 1.2 26.6 ± 2.0 
Population 2 35.2 ± 1.3 27.0 ± 1.1 34.7 ± 1.1 21.1 ± 1.4 
Population 3 40.7 ± 1.3 27.7 ± 1.1 39.4 ± 1.2 20.2 ± 1.3 
25R18 25.5 ± 2.5 15.0 ± 0.7 17.9 ± 1.1 10.1 ± 0.5 
2555 43.6 ± 3.1 33.4 ± 0.5 57.6 ± 2.6 41.0 ± 0.1 
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Table 3.8: Population 1 broad sense heritability estimates (hbs2) and their 90% confidence interval in parenthesis for severity, 
incidence, Fusarium damaged kernels (FDK), deoxynivalenol (DON) content, height and anthesis date after artificial inoculation with 
Fusarium graminearum.. 
 
 
Year       Severity Incidence FDK DON Height Anthesis date
2003 
 
0.34 
(-0.13 – 0.60) 
0.43 
(0.03 - 0.66) 
0.34 
(-0.18 – 0.63) 
0.40 
(-0.03 – 0.63) 
0.65 
(0.43 – 0.78) 
0.63 
(0.37 – 0.78) 
 
2004 
 
0.64 
(0.38 – 0.79) 
 
    
    
0.28
(-0.23 – 0.58) 
0.40
(-0.02 – 0.65) 
0.75 
(0.56 - 0.85) 
2003-2004 
 
0.43 
(0.36 – 0.78) 
 
0.23
(-0.30 – 0.56) 
0.60
(0.31 – 0.76) 
0.78 
(0.54 – 0.84) 
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Table 3.9: Population 2 broad sense heritability estimates (hbs2) and their 90% confidence interval in parenthesis for severity, 
incidence, Fusarium damaged kernels (FDK), deoxynivalenol (DON) content, height and anthesis date after artificial inoculation with 
Fusarium graminearum. 
 
 
Year       Severity Incidence FDK DON Height Anthesis date
2003 
 
0.60 
(0.32 – 0.77) 
0.63 
(0.37 - 0.79) 
0.56 
(0.25 – 0.75) 
-0.36 
 
0.89 
(0.82 – 0.93) 
0.77 
(0.62 – 0.87) 
 
2004 
 
0.35 
(-0.11 – 0.62) 
 
    
    
0.18
(-0.41 – 0.52) 
0.75
(0.56 – 0.85) 
0.29 
(-0.22 - 0.58) 
2003-2004 
 
0.32 
(0.32 – 0.70) 
 
0.34
(-0.11 – 0.62) 
0.78
(0.63 – 0.87) 
0.72 
(0.56 – 0.85) 
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Table 3.10: Population 3 broad sense heritability estimates (hbs2) and their 90% confidence interval in parenthesis for severity, 
incidence, Fusarium damaged kernels (FDK), deoxynivalenol (DON) content, height and anthesis date after artificial inoculation with 
Fusarium graminearum.. 
 
 
Year       Severity Incidence FDK DON Height Anthesis date
2003 
 
0.59 
(0.30 – 0.76) 
0.06 
(-0.62-0.45) 
0.22 
(-0.34 – 0.55) 
0.41 
 
0.82 
(0.72 – 0.89) 
0.52 
(0.18 – 0.73) 
 
2004 
 
0.74 
(0.55 – 0.85) 
 
    
    
0.57
(0.26 – 0.75) 
0.71
(0.5 – 0.83) 
-0.16 
 
2003-2004 
 
0.47 
(0.33 – 0.77) 
 
-0.19 0.78
(0.63 – 0.88) 
-0.53 
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Table 3.11: Correlation coefficients1 between all measured traits for Population 1 
calculated from 2003 and 2004 field data at Lexington, KY. 
 
 SEV2 INC4 FDK Height Ant. Date3 DON 
SEV 
 
 0.34* -0.01 0.49** -0.17 -0.25 0.21 
INC 
 
- - 0.21 -0.3 -0.22 -0.01 
FDK 
 
 0.08 
 
- 0.17 -0.09 -0.01 0.48** 
Height 
 
-0.05 - -0.4** 0.44** 0.16 0.02 
Ant. Date 
 
-0.4** - 0.22 -0.13 0.64** 0.19 
DON4 
 
- - - - - - 
 
Correlation coefficients are significant at (*) P < 0.05 and (**) P < 0.01. 
1 Above diagonal are correlation coefficients from 2003; on the diagonal are correlation 
coefficients between 2003 and 2004; below the diagonal are correlation coefficients from 
2004. 
2 SEV is severity; INC is incidence; FDK is Fusarium damaged kernels; DON is 
deoxynivalenol. 
3 Anthesis date is days after May 1. 
4 Incidence (INC) and deoxynivalenol (DON) content were not measured in 2004. 
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Table 3.12: Correlation coefficients1 between all measured traits for Population 1 
calculated from 2003 and 2004 field data at Princeton, KY. 
 
 SEV2 INC4 FDK Ant. Date3
SEV 
 
0.15 0.27 0.16 0.07 
INC 
 
- - 0.26 -0.53** 
FDK 
 
0.20 
 
- 0.06 -0.01 
Ant. Date 
 
0.56** - -0.02 0.84** 
 
Correlation coefficients are significant at (*) P < 0.05 and (**) P < 0.01. 
1 Above diagonal are correlation coefficients from 2003; on the diagonal are correlation 
coefficients between 2003 and 2004; below the diagonal are correlation coefficients from 
2004. 
2 SEV is severity; INC is incidence; FDK is Fusarium damaged kernels; DON is 
deoxynivalenol. 
3 Anthesis date is days after May 1. 
4 Incidence (INC) was not measured in 2004.
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Table 3.13: Correlation coefficients1 between all measured traits for Population 1 
calculated from 2003 and 2004 field data. 
 
 SEV2 INC4 FDK Ant. Date3
SEV 
 
0.25 0.37** 0.43** -0.37* 
INC 
 
- - 0.25 -0.45** 
FDK 
 
0.27 
 
- 0.04 -0.1 
Ant. Date 
 
-0.36* - 0.39* 0.60** 
 
Correlation coefficients are significant at (*) P < 0.05 and (**) P < 0.01. 
1 Above diagonal are correlation coefficients from 2003; on the diagonal are correlation 
coefficients between 2003 and 2004; below the diagonal are correlation coefficients from 
2004. 
2 SEV is severity; INC is incidence; FDK is Fusarium damaged kernels.  
3 Anthesis date is days after May 1. 
4 Incidence (INC) was not measured in 2004. 
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Table 3.14: Correlation coefficients1 between all measured traits for Population 2 
calculated from 2003 and 2004 field data at Lexington, KY. 
 
 SEV2 INC4 FDK Height Ant. Date3 DON 
SEV 
 
0.32* 0.30* 0.61** -0.63** 
 
-0.44** 0.4** 
INC 
 
- - 0.54** -0.51** -0.61** 0.44** 
FDK 
 
0.59** 
 
- 0.29 -0.55** -0.57** 0.71** 
Height 
 
-0.23 - -0.56** 0.65** 0.65** -0.25 
Ant. Date 
 
0.07 - -0.32* 0.54** 0.77** -0.38* 
DON4 
 
- - - - - - 
 
Correlation coefficients are significant at (*) P < 0.05 and (**) P < 0.01. 
1 Above diagonal are correlation coefficients from 2003; on the diagonal are correlation 
coefficients between 2003 and 2004; below the diagonal are correlation coefficients from 
2004. 
2 SEV is severity; INC is incidence; FDK is Fusarium damaged kernels; DON is 
deoxynivalenol. 
3 Anthesis date is days after May 1 
4 Incidence (INC) and deoxynivalenol (DON) content were not measured in 2004. 
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Table 3.15: Correlation coefficients1 between all measured traits for Population 2 
calculated from 2003 and 2004 field data at Princeton, KY. 
 
 SEV2 INC4 FDK Ant. Date3
SEV 
 
0.18 0.18 0.03 -0.17 
INC 
 
- - 0.39* -0.61** 
FDK 
 
-0.28 
 
- -0.06 -0.37* 
Ant. Date 
 
0.08 - -0.09 0.24 
 
Correlation coefficients are significant at (*) P < 0.05 and (**) P < 0.01. 
1 Above diagonal are correlation coefficients from 2003; on the diagonal are correlation 
coefficients between 2003 and 2004; below the diagonal are correlation coefficients from 
2004. 
2 SEV is severity; INC is incidence; FDK is Fusarium damaged kernels. 
3Anthesis date is days after May 1 
4 Incidence (INC) was not measured in 2004. 
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Table 3.16: Correlation coefficients1 between all measured traits for Population 2 
calculated from 2003 and 2004 field data. 
 
 SEV2 INC3 FDK Ant. Date4
SEV 
 
0.30* 0.52** 0.60** -0.49** 
INC 
 
- - 0.56** -0.66** 
FDK 
 
0.67** 
 
- 0.18 -0.52** 
Ant. Date 
 
-0.02 - -0.04 0.60** 
 
Correlation coefficients are significant at (*) P < 0.05 and (**) P < 0.01. 
1 Above diagonal are correlation coefficients from 2003; on the diagonal are correlation 
coefficients between 2003 and 2004; below the diagonal are correlation coefficients from 
2004. 
2 SEV is severity; INC is incidence; FDK is Fusarium damaged kernels.  
3 Incidence (INC) was not measured in 2004. 
4Anthesis date is days after May 1. 
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Table 3.17: Correlation coefficients1 between all measured traits for Population 3 
calculated from 2003 and 2004 field data at Lexington, KY. 
 
 SEV2 INC4 FDK Height Ant. Date3 DON 
SEV 
 
0.25 0.33* 0.63** -0.11 
 
-0.35* 0.40** 
INC 
 
- - 0.09 0.41** -0.26 -0.06 
FDK 
 
0.58** 
 
- 0.17 -0.38* -0.08 0.41** 
Height 
 
-0.62** - -0.62** 0.64** -0.24 -0.12 
Ant. Date 
 
-0.06 - 0.21 -0.25 0.16 0.06 
DON4 
 
- - - - - - 
 
Correlation coefficients are significant at (*) P < 0.05 and (**) P < 0.01. 
1 Above diagonal are correlation coefficients from 2003; on the diagonal are correlation 
coefficients between 2003 and 2004; below the diagonal are correlation coefficients from 
2004. 
2 SEV is severity; INC is incidence; FDK is Fusarium damaged kernels; DON is 
deoxynivalenol.  
3Anthesis date is days after May 1. 
4 Incidence (INC) and deoxynivalenol (DON) content were not measured in 2004. 
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Table 3.18: Correlation coefficients1 between all measured traits for Population 3 
calculated from 2003 and 2004 field data at Princeton, KY. 
 
 SEV2 INC3 FDK Ant. Date4
SEV 
 
0.21 0.14 0.32* 0.08 
INC 
 
- - 0.02 0.47** 
FDK 
 
0.35* 
 
- -0.06 0.02 
Ant. Date 
 
0.16 - 0.65** -0.53** 
 
Correlation coefficients are significant at (*) P < 0.05 and (**) P < 0.01. 
1 Above diagonal are correlation coefficients from 2003; on the diagonal are correlation 
coefficients between 2003 and 2004; below the diagonal are correlation coefficients from 
2004. 
2 SEV is severity; INC is incidence; FDK is Fusarium damaged kernels. 
3 Incidence (INC) was not measured in 2004. 
4 Anthesis date is days after May 1.
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Table 3.19: Correlation coefficients1 between all measured traits for Population 3 
calculated from 2003 and 2004 field data. 
 
 SEV2 INC3 FDK Ant. Date4
SEV 
 
0.28 0.54** 0.64** -0.01 
INC 
 
- - 0.44** 0.16 
FDK 
 
0.54** 
 
- -0.1 0.01 
Ant. Date 
 
-0.05 - -0.36* -0.16 
 
Correlation coefficients are significant at (*) P < 0.05 and (**) P < 0.01. 
1 Above diagonal are correlation coefficients from 2003; on the diagonal are correlation 
coefficients between 2003 and 2004; below the diagonal are correlation coefficients from 
2004. 
2 SEV is percentage of severity; INC is percentage of incidence; FDK is percentage of 
Fusarium damaged kernels.  
3 Incidence (INC) was not measured in 2004. 
4Anthesis date is days after May 1. 
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Table 3.20: Correlation coefficients1 between Deoxynivalenol (DON) content and disease resistance traits for the three populations 
calculated from 2003 Lexington, KY, field data. 
 
 Severity (%) Incidence (%) FDK (%) FHB index ISK 
Population 1  0.21  -0.06 0.48** 0.07 0.25 
Population 2 0.40**   0.44** 0.71** 0.55* 0.62* 
Population 3 0.40**  -0.01 0.41** 0.19 0.29 
 
1Correlation coefficients are significant at (*) P < 0.05 and (**) P < 0.01 
FHB index: Severity * Incidence 
ISK: (severity* 0.3) + (incidence * 0.3) + (FDK * 0.4) 
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Table 3.21: Genetic parameters and heritabilities of Fusarium head blight severity (%) in 
three F2:4 soft red winter wheat populations as measured in the field at Lexington, KY, 
2003. 
 
 Population 1  Population 2 Population 3 
σG2 
 
149.88 130.80 152.96 
σW2 
 
247.25 225.96 255.61 
σA2 
 
61.26 51.69 61.95 
σD2 
 
309.24 284.04 320.16 
h(NS)2 
 
0.46 0.42 0.45 
∆G 
 
5.94% 6.03 % 6.11% 
H(BS)2 
 
0.34 0.60 0.59 
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Table 3.22: Genotypic and phenotypic correlation coefficients between mean severity at 
Lexington, KY and Princeton, KY for three winter wheat populations after artificial 
inoculation with Fusarium graminearum in 2003 and 2004. 
 
 Genotypic (rg) Phenotypic (rp) 
Population 1 
2003 
2004 
 
0.58 
-0.03 
 
0.27 
0.51 
 
Population 2 
2003 
2004 
 
 
-0.02 
0.37 
 
0.43 
0.24 
Population 3 
2003 
2004 
 
 
-0.006 
-0.5 
 
0.36 
0.55 
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Table 3.23: Performance of the 40 families in Population 1 at four testing environments 
with severity rankings based on family means. 
 
Population 1 Lexington  03 Princeton  03 Lexington 04 Princeton 04
1 12 6 31 26
2 20 33 9 7
3 18 38 24 32
4 16 4 35 10
5 35 28 25 25
6 6 24 3 3
7 10 5 27 30
8 22 37 16 12
9 14 9 29 9
10 13 29 30 34
11 17 10 33 35
12 3 1 1 1
13 33 12 18 15
14 27 14 17 38
15 40 26 11 24
16 29 7 14 18
17 15 19 23 17
18 31 17 21 21
19 4 18 22 8
20 38 13 38 36
21 34 31 20 20
22 36 36 40 28
23 2 21 4 5
24 21 34 12 29
25 23 2 28 11
26 9 32 39 13
27 7 23 7 31
28 26 16 13 23
29 28 8 36 16
30 5 3 10 6
31 37 15 26 37
32 25 30 6 22
33 39 39 8 4
34 30 11 34 33
35 24 22 19 27
36 11 20 15 14
37 8 27 2 2
38 19 35 37 19
39 1 40 5 39
40 32 25 32 40
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Table 3.24. Performance of the 40 families in Population 2 at four testing environments 
with severity rankings based on family means. 
 
Population 2 Lexington  03 Princeton  03 Lexington 04 Princeton 04
1 9 31 9 1
2 3 3 13 27
3 15 9 23 11
4 40 5 7 28
5 4 36 30 35
6 29 14 10 30
7 37 33 26 38
8 10 35 27 32
9 32 34 4 36
10 28 38 5 19
11 23 23 28 5
12 34 27 38 34
13 1 7 21 14
14 35 1 36 29
15 26 15 11 20
16 25 16 20 37
17 19 29 3 16
18 11 28 8 18
19 30 37 37 7
20 36 2 17 25
21 8 12 6 13
22 22 22 24 22
23 7 40 18 23
24 17 11 32 9
25 18 10 15 15
26 31 17 1 40
27 33 21 35 3
28 5 20 16 17
29 12 4 25 4
30 16 24 33 26
31 39 25 40 10
32 38 30 34 39
33 14 39 29 24
34 21 32 14 31
35 24 13 12 21
36 2 6 19 33
37 20 26 22 12
38 27 18 39 8
39 13 8 2 2
40 6 19 31 6
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Table 3.25: Performance of the 40 families in population 3 at four testing environments with 
severity rankings based on family means. 
 
Population 3  Lexington 03 Princeton 03 Lexington 04 Princeton 04
1 24 24 4 21
2 3 6 11 13
3 12 30 23 15
4 28 20 14 16
5 27 36 37 33
6 30 9 30 37
7 9 3 6 6
8 5 17 17 28
9 21 16 15 12
10 6 4 29 25
11 1 26 10 22
12 11 13 20 27
13 23 7 39 8
14 35 27 28 39
15 7 14 7 17
16 26 33 34 34
17 33 15 3 1
18 22 11 21 24
19 32 22 35 29
20 13 35 26 32
21 8 12 2 10
22 37 28 36 38
23 39 38 32 26
24 14 8 8 4
25 19 19 22 18
26 15 32 25 11
27 31 21 24 23
28 16 31 12 3
29 18 29 16 9
30 38 37 33 35
31 2 39 18 14
32 4 2 19 20
33 34 23 5 7
34 17 10 38 19
35 20 1 31 36
36 25 34 9 5
37 36 5 1 2
38 10 25 27 31
39 29 18 13 30
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Table 3.26: Combined analysis of variance for FHB severity (%) in Population 1 over locations 
(Lexington and Princeton), 2003. 
 
Source df MS F 
Loc 1 2686.06 35.7** 
Rep (loc) 3 40.07 0.53 
Genotype 39 184.32 2.45** 
Loc*genotype 38 123.04 1.64* 
Error 101 75.23  
  
 * P<0.05 
** P<0.01 
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Table 3.27: Combined analysis of variance for FHB severity (%) in Population 1 over locations 
(Lexington and Princeton), 2004. 
 
Source df MS F 
Loc 1 16425.87 122.8** 
Rep (loc) 3 185.25 1.38 
Genotype 39 386.58 2.89** 
Loc*genotype 38 139.04 1.04 
Error 113 133.76  
 
  * P<0.05 
** P<0.01 
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Table 3.28: Combined analysis of variance for FHB severity (%) in Population 1 over locations 
(Lexington and Princeton) and years (2003 and 2004). 
 
Source df MS F 
Year 1 5705.71 53.76** 
Loc 1 2493.98 23.5** 
Year*loc 1 15752.30 148.41** 
Rep(year*loc) 6 112.66 1.06 
Genotype 39 364.31 3.43** 
Year*genotype 39 213.80 2.01** 
Loc*genotype 38 127.81 1.20 
Year*loc*genotype 38 135.32 1.27 
Error 214 106.14  
 
  * P<0.05 
** P<0.01
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Table 3.29: Combined analysis of variance for FHB severity (%) in Population 2 over locations 
(Lexington and Princeton), 2003. 
 
Source df MS F 
Loc 1 1235.25 14.1** 
Rep (loc) 3 133.20 1.52 
Genotype 39 227.64 2.60** 
Loc*genotype 39 89.97 1.03 
Error 117 87.60  
 
 * P<0.05 
** P<0.01 
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Table 3.30: Combined analysis of variance for FHB severity (%) in Population 2 over  locations 
(Lexington and Princeton), 2004. 
 
Source df MS F 
Loc 1 433.71 4.32* 
Rep (loc) 3 537.61 5.36** 
Genotype 39 289.56 2.89** 
Loc*genotype 39 187.68 1.87** 
Error 116 100.32  
 
  * P<0.05 
** P<0.01
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Table 3.31: Combined analysis of variance for FHB severity (%) in Population 2 over locations 
(Lexington and Princeton) and years (2003 and 2004). 
 
Source df MS F 
Year 1 2377.37 25.31** 
Loc 1 99.49 1.06 
Year*loc 1 1563.35 16.64** 
Rep(year*loc) 6 335.41 3.57** 
Genotype 39 332.20 3.54** 
Year*genotype 39 184.60 1.97** 
Loc*genotype 38 157.86 1.68* 
Year*loc*genotype 38 119.49 1.27 
Error 214 93.93  
 
  * P<0.05 
** P<0.01
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Table 3.32: Combined analysis of variance for FHB severity (%) in Population 3 over locations 
(Lexington and Princeton), 2003. 
 
Source df MS F 
Loc 1 3638.7 46.07** 
Rep (loc) 3 112.9 1.43 
Genotype 39 204.1 2.58** 
Loc*genotype 39 83.62 1.06 
Error 117 78.97  
 
  * P<0.05 
** P<0.01 
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Table 3.33: Combined analysis of variance for FHB severity (%) in Population 3 over  locations 
(Lexington and Princeton), 2004. 
 
Source df MS F 
Loc 1 221.27 2.31 
Rep (loc) 3 1541.27 16.12** 
Genotype 39 234.91 2.46** 
Loc*genotype 39 61.36 0.64 
Error 116 95.62  
 
  * P<0.05 
** P<0.01
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Table 3.34: Combined analysis of variance for FHB severity (%) in Population 3 over locations 
(Lexington and Princeton) and years (2003 and 2004). 
 
Source df MS F 
Year 1 2329.90 26.62** 
Loc 1 1072.99 12.26** 
Year*loc 1 2797.66 31.96** 
Rep(year*loc) 6 827.09 9.45** 
Genotype 39 288.66 3.30** 
Year*genotype 39 148.41 1.70* 
Loc*genotype 38 74.48 0.85 
Year*loc*genotype 38 71.50 0.82 
Error 214 87.52  
 
  * P<0.05 
** P<0.01
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Table 3.35: Combined analysis of variance for Fusarium damaged kernels (FDK%) in Population 
1 over locations (Lexington and Princeton), 2003. 
 
Source df MS F 
Loc 1 420.64 15.54** 
Rep (loc) 3 99.92 3.69* 
Genotype 39 69.98 2.59** 
Loc*genotype 25 46.05 1.70* 
Error 81 27.06  
 
  * P<0.05 
** P<0.01 
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Table 3.36: Combined analysis of variance for Fusarium damaged kernels (FDK %) in 
Population 1 over locations (Lexington and Princeton), 2004. 
 
Source df MS F 
Loc 1 347.82 347.82** 
Rep (loc) 2 13.01 13.01** 
Genotype 39 2.93 2.93** 
Loc*genotype 39 2.10 2.10** 
Error 73 162.72  
 
  * P<0.05 
** P<0.01
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Table 3.37: Combined analysis of variance for FHB severity (%) in Population 1 over locations 
(Lexington and Princeton) and years (2003 and 2004). 
 
Source df MS F 
Year 1 47444.06 519.22** 
Loc(year) 1 17948.85 196.43** 
Rep(year*loc) 5 906.67 9.92** 
Genotype 39 304.64 3.33** 
Year*genotype 39 235.03 2.57** 
Loc*genotype 39 224.22 2.45** 
Year*loc*genotype 25 225.85 2.47** 
Error 154 91.37  
 
  * P<0.05 
** P<0.01
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Table 3.38: Combined analysis of variance for Fusarium damaged kernels (FDK%) in Population 
2 over locations (Lexington and Princeton), 2003. 
 
Source df MS F 
Loc 1 12927.56 354.18** 
Rep (loc) 3 6.89 0.19 
Genotype 39 121.72 3.33** 
Loc*genotype 39 52.93 1.45 
Error 116 36.49  
 
  * P<0.05 
** P<0.01 
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Table 3.39: Combined analysis of variance for Fusarium damaged kernels (FDK %) in 
Population 2 over locations (Lexington and Princeton), 2004. 
 
Source df MS F 
Loc 1 19466.08 121.82** 
Rep (loc) 2 11196.70 7.49** 
Genotype 39 425.61 22.66** 
Loc*genotype 39 349.88 2.19** 
Error 77 159.76  
 
  * P<0.05 
** P<0.01
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Table 3.40: Combined analysis of variance for FHB severity (%) in Population 2 over locations 
(Lexington and Princeton) and years (2003 and 2004). 
 
Source df MS F 
Year 1 17108.20 199.68** 
Loc(year) 1 32289.49 376.87** 
Rep(year*loc) 5 482.81 5.64** 
Genotype 39 341.56 3.99** 
Year*genotype 39 232.27 2.71** 
Loc*genotype 39 208.32 2.43** 
Year*loc*genotype 39 216.17 2.52** 
Error 193 85.67  
 
  * P<0.05 
** P<0.01
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Table 3.41: Combined analysis of variance for Fusarium damaged kernels (FDK%) in Population 
3 over locations (Lexington and Princeton), 2003. 
 
Source df MS F 
Loc 1 9470.55 224.42** 
Rep (loc) 3 17.18 0.41 
Genotype 38 80.95 1.92** 
Loc*genotype 36 62.98 1.49* 
Error 106 42.19  
 
  * P<0.05 
** P<0.01 
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Table 3.42: Combined analysis of variance for Fusarium damaged kernels (FDK %) in 
Population 3 over locations (Lexington and Princeton), 2004. 
 
Source df MS F 
Loc 1 52418.93 297.42** 
Rep (loc) 2 29.49 0.17 
Genotype 38 596.19 3.38** 
Loc*genotype 38 255.78 1.45 
Error 74 176.24  
 
  * P<0.05 
** P<0.01
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Table 3.43: Combined analysis of variance for FHB severity (%) in Population 3 over locations 
(Lexington and Princeton) and years (2003 and 2004). 
 
Source df MS F 
Year 1 28545.41 293.36** 
Loc(year) 1 51133.07 525.49** 
Rep(year*loc) 5 22.10 0.23 
Genotype 38 343.32 3.53** 
Year*genotype 38 371.18 3.81** 
Loc*genotype 38 184.59 1.90** 
Year*loc*genotype 36 146.96 1.51* 
Error 180 97.30  
 
  * P<0.05 
** P<0.01
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Table 3.44: Combined analysis of variance for FHB incidence (%) in Population 1 over locations 
(Lexington and Princeton), 2003. 
 
Source df MS F 
Loc 1 7359.72 23.10** 
Rep (loc) 3 771.80 2.42 
Genotype 39 545.24 1.71* 
Loc*genotype 38 309.60 0.97 
Error 101 318.59  
 
  * P<0.05 
** P<0.01 
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Table 3.45: Combined analysis of variance for Fusarium damaged kernels (FDK %) in 
Population 2 over locations (Lexington and Princeton), 2003. 
 
Source df MS F 
Loc 1 1817.37 12.75** 
Rep (loc) 3 160.79 1.13 
Genotype 39 679.90 4.77** 
Loc*genotype 39 246.95 1.73* 
Error 117 142.48  
 
  * P<0.05 
** P<0.01
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 Table 3.46: Combined analysis of variance for Incidence (%) in Population 3 over locations 
(Lexington and Princeton), 2003. 
 
Source df MS F 
Loc 1 41058.91 229.64** 
Rep (loc) 3 377.48 2.11 
Genotype 38 207.73 1.16 
Loc*genotype 37 195.48 1.09 
Error 107 178.79  
 
  * P<0.05 
** P<0.01
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Table 3.47: Combined analysis of variance for height (cm) in Population 1 at Lexington, KY in 
two years 2003-04. 
 
Source df MS F 
Year 1 54.40 10.35** 
Rep (Year) 3 4.13 0.79 
Genotype 39 15.71 2.99** 
Year*genotype 39 6.28 1.20 
Error 110 5.25  
 
  * P<0.05 
** P<0.01 
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Table 3.48: Combined analysis of variance for height (cm) in Population 2 at Lexington, KY in 
two years 2003-04. 
 
Source df MS F 
Year 1 117.81 34.77** 
Rep (Year) 3 4.08 1.21 
Genotype 39 34 10.75** 
Year*genotype 39 7.32 2.16** 
Error 117 3.39  
 
  * P<0.05 
** P<0.01
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Table 3.49: Combined analysis of variance for height (cm) in Population 3 at Lexington, KY in 
two years 2003-04. 
 
Source df MS F 
Year 1 4.39 1.13 
Rep (year) 3 1.43 0.37 
Genotype 38 27.20 7.02** 
Year*genotype 38 5.87 1.52* 
Error 112 3.87  
 
  * P<0.05 
** P<0.01
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Table 3.50: Combined analysis of variance for anthesis date in Population 1 over locations 
(Lexington and Princeton), 2003. 
 
Source df MS F 
Loc 1 278.69 91.00** 
Rep (loc) 3 9.39 3.07* 
Genotype 39 20.40 6.66** 
Loc*genotype 38 7.55 2.46** 
Error 101 3.06  
 
  * P<0.05 
** P<0.01 
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Table 3.51: Combined analysis of variance for anthesis date in Population 1 over locations 
(Lexington and Princeton), 2004. 
 
Source df MS F 
Loc 1 935.15 270.42** 
Rep (loc) 1 16.20 4.69* 
Genotype 39 19.41 5.62** 
Loc*genotype 39 4.89 1.42 
Error 79 3.45  
 
  * P<0.05 
** P<0.01
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Table 3.52: Combined analysis of variance for FHB severity (%) in Population 1 over locations 
(Lexington and Princeton) and years (2003 and 2004). 
 
Source df MS F 
Year 1 363.48 114.58** 
Rep(year*loc) 4 11.09 3.50** 
Genotype 39 28.77 9.07** 
Year*genotype 39 9.50 3.00** 
Loc*genotype 39 4.51 1.42 
Year*loc*genotype 38 7.67 2.42** 
Error 140 3.17  
 
  * P<0.05 
** P<0.01
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Table 3.53: Combined analysis of variance for anthesis date in Population 2 over locations 
(Lexington and Princeton), 2003. 
 
Source df MS F 
Loc 1 130.02 76.94** 
Rep (loc) 3 3.59 2.13 
Genotype 39 20.87 12.36** 
Loc*genotype 39 4.64 2.75** 
Error 117 1.68  
 
  * P<0.05 
** P<0.01 
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Table 3.54: Combined analysis of variance for anthesis date in Population 2 over locations 
(Lexington and Princeton), 2004. 
 
Source df MS F 
Loc 1 881.66 558.65** 
Rep (loc) 1 2.45 1.55 
Genotype 39 6.73 4.27** 
Loc*genotype 39 4.79 3.04** 
Error 39 1.57  
 
  * P<0.05 
** P<0.01 
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Table 3.55: Combined analysis of variance for FHB severity (%) in Population 2 over locations 
(Lexington and Princeton) and years (2003 and 2004). 
 
Source df MS F 
Year 1 39.07 25.17** 
Rep(year*loc) 5 5.59 3.61** 
Genotype 39 18.59 11.98** 
Year*genotype 39 4.97 3.21** 
Loc*genotype 39 4.78 3.08** 
Year*loc*genotype 39 4.69 3.02** 
Error 167 1.55  
 
  * P<0.05 
** P<0.01
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Table 3.56: Combined analysis of variance for anthesis date in Population 3 over locations 
(Lexington and Princeton), 2003. 
 
Source df MS F 
Loc 1 128.68 83.80** 
Rep (loc) 3 1.10 0.72 
Genotype 39 4.28 2.79** 
Loc*genotype 39 2.02 1.32 
Error 108 1.53  
 
  * P<0.05 
** P<0.01 
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Table 3.57: Combined analysis of variance for anthesis date in Population 3 over locations 
(Lexington and Princeton), 2004. 
 
Source df MS F 
Loc 1 352.00 454.02** 
Rep (loc) 1 1.04 1.34 
Genotype 38 3.24 4.18** 
Loc*genotype 38 3.83 4.94** 
Error 38 0.77  
 
  * P<0.05 
** P<0.01
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Table 3.58: Combined analysis of variance for FHB severity (%) in Population 3 over locations 
(Lexington and Princeton) and years (2003 and 2004). 
 
Source df MS F 
Year 1 0.14 0.10 
Rep(year*loc) 4 1.10 0.81 
Genotype 38 2.40 1.79** 
Year*genotype 38 4.77 3.57** 
Loc*genotype 38 2.60 1.94** 
Year*loc*genotype 37 3.70 2.76** 
Error 146 1.33  
 
  * P<0.05 
** P<0.01
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Figure 3.1: Climatic conditions during flowering and mist-irrigation period of wheat in 
Lexington, KY 2003. The flowering period lasted from May 10 to May 20 (2003). The mist-
irrigation continued until May 31. 
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Figure 3.2: Climatic conditions during flowering and mist-irrigation period of wheat in 
Lexington, KY 2004. The flowering period lasted from May 12 to May 23 (2004). The mist-
irrigation continued until May 31. 
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Figure 3.3: Disease progress curve (AUDPC) for the susceptible wheat cultivar 2555 at 
Lexington, KY in 2003 after artificial inoculation with corn kernels infected with Fusarium 
graminearum 
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Figure 3.4: Disease progress curve (AUDPC) for the susceptible wheat cultivar 2555 at 
Lexington, KY in 2004 after artificial inoculation with corn kernels infected with Fusarium 
graminearum 
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Chapter 4  
 
Resistance to Fusarium Head Blight after One Cycle of Among-family and Within-familiy 
Selection in Three F2:5 Populations . 
 
Introduction 
 
Fusarium Head Blight (FHB), or head scab, caused by Fusarium graminearum 
(Schwabe) is a historically devastating disease of wheat and barley around the world. Since 
1991, scab outbreaks of varying intensity have been common and widespread across much of the 
eastern half of the United States, affecting the yield and quality of wheat produced. During FHB 
epidemics, the infected grain is often contaminated with deoxynivalenol (DON), which is a 
mycotoxin produced by F. graminearum and has become a major concern for animal production 
and human health (Mc Mullen et al., 1997). 
Resistance to FHB is usually reported to be quantitatively inherited with a continuous 
distribution among the progeny (Bai and Shaner, 1994; Buerstmayr et al., 1999). Different 
studies indicate that resistance is mainly controlled by additive genetic effects, but dominance 
effects might also be significant (Hall and Van Sanford, 2003). 
Recurrent selection is a population improvement procedure that increases the frequency 
of desirable alleles through repeated cycles of selection and systematic recombination (Fehr, 
1987). This breeding method has been widely used for improving quantitative traits in cross-
pollinated crops, but it has received only limited attention in self-pollinated crops. Recurrent 
selection has been used successfully to increase the resistance in barley (Hordeum vulgare L.) to 
leaf rust (caused by Puccinia hordei Otth.) (Parlevliet and Van Ommeren, 1988), and powdery 
mildew (caused by Erysiphe graminis f. sp. Hordei Em.) (Parlevliet and Van Ommeren,1988). In 
wheat (Triticum aestivum L.) a few studies showed successful results using recurrent selection to 
increase resistance to powdery mildew (Erysiphe graminis f. sp. tritici)(Abdalla et al., 1989), and 
FHB (caused by Fusarium graminearum) (Jiang et al., 1994; Yang et al., 2000). 
Jiang et al., (1994) obtained a selection response of 18.5% for percentage of diseased 
spikelets after one cycle of selection for FHB resistance and a 4.5% after the second cycle. In 
another study with four cycles of recurrent selection in an intermating wheat breeding population 
using the dominant male sterile gene ms2, Yang et al., (2000) obtained a gain of 12.5 % after the 
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first cycle of selection. The frequency of lines with FHB response equal and/or superior to Sumai 
3 were increased to 5-8% after four cycles of recurrent selection. 
Breeding a soft red winter (SRW) wheat cultivar that is resistant to FHB and well adapted 
to the southeastern US is a goal of the University of Kentucky SRW wheat breeding program. 
Until now, conventional breeding procedures have not been able to produce desirable cultivars 
and germplasm with both highly improved scab resistance and high-yielding capacity, or other 
desired traits. The objective of the present study was to evaluate the effects of one cycle of 
within-family and among-family selection for FHB resistance. 
 
Materials and Methods 
 
Genetic material 
Three F2:5 SRW wheat populations of 40 lines each were evaluated during 2004 at two 
different locations in Kentucky (Lexington and Princeton). Pedigrees of the three populations are 
given in table 3.1. Each population contained within its pedigree a derivative of the resistant 
Chinese cultivar Sumai 3. This spring wheat cultivar is the most widely used source of resistance 
in the world and is the best characterized.  
Two selection schemes were evaluated in 2004, a cycle of within-family selection and a 
cycle of among-family selection. 
 
Within-family selection 
  Selection was conducted at Lexington, KY in 2003 as follows: 28 days after anthesis, 5 
spikes with lowest severity in each plot were chosen and tagged in one replication. The spikes 
were harvested at maturity together with another five spikes selected at random (i.e. no 
selection). The five spikes within each treatment were threshed together and the seed put in an 
envelope and labeled.  Each envelope was the F4:5 seed source for the five replications planted in 
hill plots in 2004, three at Lexington and two at Princeton. 
F4:5 seeds were planted in hill plots on 22 October 2004 at Lexington and 20 October at 
Princeton. Hill plots consisted of 10 seeds per replication with plots planted on a grid 
approximately 25 cm apart. The populations were planted in a split plot design, with the lines as 
main plots and the selection treatment as the subplot. There were two selection treatments: 
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random (i.e. no selection) and low severity. The previous crop was corn (Zea mays L.) and the 
seedbed had been chisel plowed and disked. 
 
Among-family selection 
An among-family selection scheme was conducted to assess the effect of family selection 
on F2:4 generation. The top eight F2:5 families of each population, based on the lowest FHB index 
(severity x incidence) in 2003, plus a bulked sample of the other 32 families and the resistant and 
susceptible checks were planted in four-row plots with three replications at Lexington and two 
replications at Princeton. Plots were arranged in a randomized complete block design. 
 
Grain spawn inoculation 
The field inoculation protocol was modeled after the method of Fauzi and Paulitz (1994) 
with some modification. Spawn bags (obtained from Fungi Perfecti Co.) were used to contain the 
grain spawn inoculum. Each bag contained 1000 g of corn (Zea mays L.) and 769.23 ml water, 
which was added to provide adequate moisture for the pathogen to grow. The corn was allowed 
to imbibe the water overnight and then the bags were autoclaved. Eleven F. graminearum 
isolates were used to inoculate the bags, with each bag receiving one particulate isolate. 
Inoculations were made through potato dextrose agar plugs. The bags were sealed and were set 
upright on a shelf for incubation. The bags were shaken daily to ensure a uniform colonization of 
the grain. The bags remained in a lab bench at room temperature for three weeks. After three 
weeks, when the fungus adequately colonized the corn, the grain spawn was thoroughly mixed to 
incorporate the eleven isolates into one mixture.  
 On 16 April 2004 wheat plots were inoculated prior to heading (GS7, Feekes Scale) by 
spreading 35.4 g/m2 of the inoculated corn mixture within each plot. Plots were mist-irrigated 
three times daily for fifteen minutes to keep the inoculum moist until 30 April when the 
irrigation system was set to the programmed irrigation schedule. 
At both locations an overhead mist irrigation system on an automatic self-timer was 
installed to provide adequate moisture and humidity for an FHB epidemic. The irrigation 
schedule included two periods of water delivery: one during the hours between 6 and 8 am and 
the other during the hours between 8 and 10 pm. The morning and evening irrigation schedule 
delivered water every 15 minutes in 5 minutes periods.  
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Field disease evaluations 
Anthesis notes were taken daily. Those plots that reached anthesis first were scored for 
disease first. In the family selection scheme, disease incidence was calculated as the number of 
diseased spikes per plot divided by the total number of spikes (on a basis of 100 spikes). The 
readings were taken between 24-28 days post-anthesis. Incidence was not measured in the 
within-family selection experiment because it was planted in hill plots that had only between 25-
30 spikes. 
Disease severity was assessed by counting the number of visually diseased spikelets and 
divided it by the number of total spikelets in ten randomly chosen heads. The scoring was taken 
approximately at 21-24 days after inoculation. Height (cm) was recorded during the seed filling 
period. 
 
Fusarium damaged kernels (FDK) and DON content evaluation 
At harvest maturity, the four rows plots (among-family selection study) were harvested 
with a small plot combine with a minimum of forced air. The hill plots (within-family selection 
study) were cut by hand and the spikes threshed in a stationary thresher with a minimum of 
forced air so as to minimize the seed loss. 
FDK procedure 
A 200 seed sample was randomly taken and was sorted into two classes (healthy and non-
healthy) based on the visual appearance of the seed. The primary constituent of the non-healthy 
seed class was the “tombstones” kernel class. These are light seeds showing pinkish 
discoloration and chalky, shriveled appearance. The number of seeds in each class was counted 
and the percentage of scabby seed was used as the estimate of FDK. 
DON test procedure 
In the among-family selection study, a five gram sample of grain from each plot at Lexington 
was analyzed for DON using the EZ-Quant Vomitoxin Test Kit from the Diagnostix Company. 
Each sample was ground in a coffee grinder for 15 seconds. The coffee grinder was vacuumed 
between samples to protect against any cross contamination. Twenty-five ml of distilled water 
was added to each ground sample and the remainder of the test was completed following the 
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protocols contained within the EZ-Quant Vomitoxin Test Kit. Two replications from each F2:5  
population were sampled for the DON analysis. 
 
Statistical Analysis 
Severity data taken on ten individual heads per plot were averaged together to give a 
mean severity for each 4-row plot or hill plot. The other traits were measured on a plot basis. 
These plots means were used in all analyses. Data for FHB resistance traits and agronomic traits 
were subjected to analysis of variance using Proc ANOVA (SAS, 1990).  
Realized heritabilities (Hr) were calculated based on the 2004-03 data following the 
formula: 
                                                    Hr= R/S 
For each population, the selection differential (S) was calculated as the difference in the mean 
head blight severity of the original F2:4 populations ( x 0) and that of the selected sample of 
resistant plants. The response to selection (R) was calculated as the difference between the mean 
head blight severity of the unselected F2:5 plants in 2004 ( x 0) and the mean head blight severity 
of the progeny of the selected F  plants  (4:5 x 1).  
 
 
Results and Discussion 
 
In the previous chapter I discussed the genetic parameters of the three populations, 
including a final prediction of the selection gain based on the 2003 data at two locations. The 
predicted selection gain (Table 4.1) ranged from 5.9% in Population 1 to 6.1% Population 3. The 
predicted gain, expressed as a percentage, is the relative percentage of severity reduction. This 
gain would lower the Population 1 mean severity from 29.5% to 27.7% based on 2003 data.  
The gain after one cycle of selection, express as a percentage of the unselected plots, 
ranged at Lexington from 5.5% in Population 3 to 24.2% in Population 2 (Table 4.1) and from 
5.7% in Population 3 to 21.8% in Population 2 at Princeton. Table 4.2 clarifies these results 
showing that one cycle of recurrent selection had a positive effect, decreasing the mean severity 
in Population 1 in 2004 from 50.8 to 40.3% or, in other words a reduction of 20.9%, express as a 
percentage of the unselected plots. 
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At Lexington, the obtained selection gain is more than acceptable in Population 1 and 2, 
and not very substantial in Population 3. The expected selection gain based on 2003 data was 
surprisingly lower than the actual gain for populations 1 and 2. An overestimation of the 
environmental component, or an overestimation of the dominance effects could have influenced 
this prediction. As was shown in table 3.20 of the previous chapter, the three F2:4 populations had 
surprisingly high dominance effects.  
The selection response R and the realized heritability h2r are shown in Tables 4.2 and 4.3. 
At Lexington (Table 4.2), one cycle of recurrent selection for FHB resistance reduced the 
percentage of diseased spikelets from 50.8 to 40.3% in Population 1, from 38.9 to 29.5% in 
Population 2 and from 41.6 to 39.3% in Population 3. This means a relative reduction in the 
number of diseased spikelets of 10.6%, 9.4% and 2.3% for populations 1, 2 and 3 respectively.  
Similar results were found by Jiang et al., (1994) who obtained an average reduction of 
diseased spikelets of 9 % after two cycles of recurrent selection in three populations. He found 
higher reductions after the first cycle (18.5% and 15.6%) compared to the second year (4.5% and 
4.4%). In another recurrent selection study using the dominant male sterile gene ms2, Yang et 
al., (2000) obtained a reduction of 7% after one cycle of recurrent selection and an average 
reduction of severity of 3.2% after four cycles of recurrent selection for male sterile plants. They 
obtained a reduction of 31% severity after one cycle of selection for fertile plants, with an 
average of 9% after four cycles of selection. Higher gains per cycle have been reported for 
resistance to powdery mildew in wheat (18%; Abdalla et al., 1989) and resistance to crown rust 
in oat (14.2%; Diaz-Lago et al., 2002) 
At the second location, Princeton (Table 4.3), one cycle of recurrent selection for FHB 
resistance reduced the percentage of diseased spikelets from 32.2 to 27.8% in Population 1, from 
34.7 to 27.1% in Population 2 and from 39.4 to 37.1% in population 3. From the observed data, I 
can conclude that the selection response was higher at Lexington than at Princeton.   
The realized heritabilities (h2r) estimated (Table 4.2, 4.3) at Lexington ranged from 0.14 
in Population 3 to 0.73 in Population 2. If we compare the realized heritabilities calculated in 
2004 with the hbs2 estimated from the variance components in 2003, in two of the three 
populations the h2r was higher than the hbs2. This means that for these families the obtained gain 
in resistance was higher than expected from the variance components in the F2:4 generation. 
Population 3 showed an important disagreement between the estimated hbs2 (0.59) and the h2r 
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(0.18), which was not expected from the previous estimates. But it is important to note that the 
realized heritability is the best estimate of heritability we could have because we are assessing 
the amount of genetic improvement that is realized by one cycle of selection within a population. 
As noted earlier, the recurrent selection scheme did not show the same effect reducing the 
average severity percentage in Princeton as at Lexington. The selection environment could have 
influenced these results, and if this trend is confirmed it might be a disadvantage when selecting 
in early generations. Lexington is the location where the selection was made, an also the main 
location of the wheat breeding program of the University of Kentucky. The question of whether 
the genotype x environment interaction would be significant and mask the effect of selection in 
other locations was also investigated with this study. Results from the previews chapter (table 
3.28, 3.31 and 3.34 made me expect not a significant genotype* location interaction (except 
Population 2). The results showed that the selection response at Princeton was lower than at 
Lexington. Population 3 showed the lowest response in both environments, but Populations 1 
and 2 had low selection responses of 4.4% and 7.6% at Princeton. It is also important to note that 
the selection cycle was done in the F2:4 generation so as the plants are still segregating this could 
affect the selection response. 
The effect of one cycle of recurrent selection was different within each population. In 
Population 1, 13 of 40 families showed a significant change in the mean at Lexington and 4 of 40 
families at Princeton (Tables 4.4 and 4.7). In Population 2, 12 of 40 families showed a significant 
change in the mean at Lexington, and 10 of 40 families at Princeton (Tables 4.5 and 4.8). In 
Population 3 these numbers decrease to 2 of 39 families at Lexington and 1 of 39 families at 
Princeton (Tables 4.6 and 4.9). From a breeder’s perspective, different alternatives are possible 
to continue improving FHB resistance. To continue with a recurrent selection program the 
progeny of the selected families could be planted and have an intermating cycle in 2005. This 
could also be done with the families that showed a significant reduction in severity. An 
intermating cycle would allow new combinations of genes, which might enhance future selection 
response. Also it is important to plant seed for increase, especially after the low quality seed 
obtained in 2004, a season with so high disease pressure.  
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Correlated response to selection 
The mean performance of other resistance (FDK) and agronomic (height and flowering 
date) traits after one cycle of recurrent selection are presented in tables 4.16, 4.17 and 4.18. An 
analysis of variance based on plot means for the three populations indicated that no significant 
differences existed between selected and unselected plots for height and flowering date. These 
results are very interesting because height and maturity are traits mentioned in the literature as 
negatively correlated with severity or incidence (Hilton et al., 1999; Buerstmayer et al., 2000). 
The correlations for the three populations calculated in the previous chapter did not agree with 
the literature, but they do agree with these results suggesting that is possible to select for low 
severity without increasing the frequency of tall, late genotypes.  
Fusarium damaged kernels (FDK) is a very important resistance trait, and the correlations 
calculated for the F2:4 generation were moderate and significant, so it was an objective of this 
study to asses the indirect effect of selecting for low severity plants on the percentage of FDK. 
The results showed that at Lexington, one cycle of recurrent selection lowered the mean FDK 
significantly in Population 1 from 65.4 to 58.5%, Population 2 from 42.6 to 37.3% and did not 
change significantly the mean in Population 3 (Tables 4.16, 4.17, 4.18). At Princeton, the 
difference in the mean FDK between selected and unselected plots was not significant.  
The effect on FDK within each population after one cycle of recurrent selection was 
similar among populations (Tables 4.10 to 4.15). A few families (between 2 and 4) showed a 
significant change in the FDK mean. There was little change observed at Lexington and there 
was no change at Princeton. In spite of the lack of effect at Princeton, which was predictable due 
to the small reduction of severity at this location, the results in Lexington are encouraging for a 
breeder, especially in breeding for this difficult disease. The percentage of damaged seed is a 
very important trait, and is the one that really matter to the farmer, because it directly influences 
the grain weight and test weight at the selling point. A positive response to selection in correlated 
traits was also found by Abdalla et al., (1989) in breeding for resistance to powdery mildew in 
winter wheat. They found a correlated response to selection for low AUDPC in traits like 
severity, colony number and cumulative sporulation capacity.  Jiang et al., (1994), found also a 
slight improvement in some agronomic traits when selecting for low severity in FHB breeding. 
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The experimental unit used in these studies was a hill plot. This type of plot requires a 
small amount of seed per plot (10 seeds) so that I could plant three replications at Lexington and 
two at Princeton with the small amount of seed available. It is known that small plots might 
reduce the precision of the disease resistance assessment through an increase in the interplot 
interference (Parlevliet and Van Ommeren, 1984). Diaz Lago et al., (2002), after conducting four 
cycles of recurrent selection for resistance to crown rust in oat, suggested that interplot 
experience may have caused the level or resistance of the recurrent selection progeny and 
resistant checks to be underestimated by the hill plot evaluation experiments. In Lexington the 
high disease pressure present in 2004 plus the hill plot unit might have also affected on the level 
of resistance express by the different families. Also, considering the high mean severity of the 
resistant check 25R18, 43%, it is possible that these two factors would have interacted increasing 
the severity level and reducing the selection response.  
At Lexington, one cycle of among-family selection for low FHB index showed that some 
of the top families had lower mean severity than the population mean (Table 4.22). Population 2 
showed the highest response to selection with lower severity mean in 7 families. Population 1 
had the smallest response to selection for this trait. Other resistance traits, FDK and DON 
showed significant progress. The top families in Population 2 showed the highest progress in 
selection: 6 of 8 families showed lower mean FDK than the population mean, and the 8 families 
showed lower DON than the mean DON concentration. This is encouraging and suggests that 
selecting resistant families could be a strategy for developing scab resistance. Also families with 
low DON concentration could be a source of resistance for this difficult trait, and enhanced the 
base germplasm of the breeding program. 
One cycle of among-family and within-family selection were conducted and the selection 
response evaluated in 2004. The results showed that significant progress toward the development  
resistant cultivars could be achieved through these selection schemes in early generations. The 
breeder’s decision of when to select is of great importance in the breeding progress. Selecting in 
early generations could save time and increase the scab resistance in the base populations the 
breeder has, thus increasing the probability of reaching the ultimate goal of resistant varieties. 
Little information exists about different selection schemes that produce a gain in resistance. This 
study agrees with the few studies in the literature, and moreover includes the evaluation at a 
second location (Princeton) and the effect of selection in correlated traits as FDK and DON. 
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Further research should be done increasing the number of cycles of selection and investigating 
whether the genotype x environment interaction could affect the performance of the selected 
families in other locations. 
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Table 4.1: Predicted selection gain based on 2003 family means (∆G03), actual gain based on 
2004 family means (∆G04) and predicted selection gain based on the combined 2003-04 family 
means  (∆G’04) for three winter wheat populations. 
 
 Population 1 Population 2 Population 3 
∆G03 (%) 
 
5.9 6.0 6.1 
∆G04 (%) Lex 
 
20.9 24.2 5.5 
∆G04 (%) Prn 
 
13.8 21.8 5.7 
∆G’04 (%) 
 
7.5 7.6 6.0 
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Table 4.2: Mean FHB severity (%) of the original three F2:4 winter wheat families in 2003 ( x 0 ), the proportion (P) of selected plants 
out of the F2:4 families, the selection differential S, the mean FHB severity (%) of the progeny produced by the selected plants based 
on F4:5 line means ( x 1 ) , the mean FHB severity (%) of the progeny produced by the unselected plants based on F2:5 line means ( x 0), 
the mean selection response R, the realized heritability hr2, Lexington, KY,2004 
 
  2003
          x 0                   P                         S  
           
2004 
          x 1                                 x 0                         R  
 
h2r 
 
Population 1 
 
29.5 
 
2.5      -14.4 40.2 50.8 -10.6 0.73
Population 2 
 
30.1       2.5 -15.1 29.5 38.9 -9.4 0.62
Population 3 
 
31.2       2.5 -16.2 39.3 41.6 -2.3 0.14
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Table 4.3: Mean FHB severity (%) of the original three F2:4 winter wheat families in 2003 ( x 0 ), the proportion (P) of selected plants 
out of the F2:4 families, the selection differential S, the mean FHB severity (%) of the progeny produced by the selected plants based 
on F4:5 line means ( x 1) , the mean FHB severity (%) of the progeny produced by the unselected plants based on F2:5 line means ( x 0) 
the mean selection response R, the realized heritability hr2, Princeton, KY, 2004 
 
 2003                                     
x 0                    P                         S 
2004 
           x 1                                x 0                        R 
 
h2r 
 
Population 1 29.5 
 
2.5      -14.4 27.8 32.2 -4.4 0.30
Population 2 
 
30.1       2.5 -15.1 27.1 34.7 -7.6 0.62
Population 3 
 
31.2       2.5 -16.2 37.1 39.4 -2.3 0.14
 104
Table 4.4: Mean Fusarium Head Blight severity (%) for the 40 F2:5 families in Population 1 at 
Lexington, KY, after one cycle of recurrent selection, 2004. 
 
Lines Treatment Means 
Non selected (R)      Selected (S) 
 
R-S 
1 57.4 36.4 21.0 
2 40.8 22.3 18.4 
3 53.7 26.4 27.3 
4 61.8 50.1 NS 
5 53.8 37.3 NS 
6 32.3 32.1 NS 
7 54.0 36.2 NS 
8 49.1 53.0 NS 
9 56.7 34.6 22.1 
10 56.9 63.0 NS 
11 60.2 41.9 18.3 
12 25.2 28.2 NS 
13 50.1 59.0 NS 
14 49.7 29.8 19.9 
15 43.0 46.2 NS 
16 44.9 28.6 NS 
17 53.6 31.3 22.3 
18 52.8 37.2 NS 
19 52.9 31.0 21.9 
20 72.2 58.0 NS 
21 51.7 40.3 NS 
22 77.2 52.6 24.6 
23 32.4 37.3 NS 
24 43.4 58.1 NS 
25 54.4 38.4 NS 
26 73.7 38.8 34.8 
27 39.7 37.3 NS 
28 44.9 24.9 20.0 
29 68.5 51.9 NS 
30 41.0 49.2 NS 
31 53.8 47.9 NS 
32 37.6 30.7 NS 
33 39.8 27.7 NS 
34 60.7 64.1 NS 
35 50.8 19.3 31.4 
36 47.5 45.9 NS 
37 31.5 31.1 NS 
38 70.7 44.9 25.7 
39 35.5 31.0 NS 
40 58.0 58.4 NS 
LSD(0.05) 5.4 4.6 18.0 
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Table 4.5: Mean Fusarium Head Blight severity (%) for the 40 F2:5 families in Population 2 at 
Lexington, KY, after one cycle of recurrent selection, 2004. 
 
Lines Treatments 
Non Selected (R)             Selected (S) 
 
R-S 
1 29.3 40.7 NS 
2 31.6 24.5 NS 
3 38.3 30.1 NS 
4 28.6 31.9 NS 
5 43.0 27.3 15.7 
6 29.4 30.6 NS 
7 40.1 36.4 NS 
8 40.4 21.9 18.5 
9 25.7 27.6 NS 
10 26.8 21.6 NS 
11 42.0 24.9 17.1 
12 59.7 34.0 25.7 
13 36.6 25.1 NS 
14 55.0 31.2 23.8 
15 29.6 20.0 NS 
16 36.5 27.4 NS 
17 24.9 25.4 NS 
18 29.1 33.9 NS 
19 57.2 43.1 14.1 
20 35.1 23.8 NS 
21 27.2 28.0 NS 
22 38.8 24.0 14.8 
23 36.3 23.5 NS 
24 50.3 38.4 NS 
25 33.2 23.7 NS 
26 21.8 26.0 NS 
27 53.5 51.1 NS 
28 33.4 33.0 NS 
29 39.5 35.6 NS 
30 50.4 29.8 20.6 
31 69.0 41.2 27.7 
32 53.3 26.3 27.0 
33 42.9 40.1 NS 
34 32.2 25.6 NS 
35 29.8 21.6 NS 
36 36.4 15.6 20.8 
37 36.9 23.7 NS 
38 62.5 31.3 31.2 
39 22.5 22.8 NS 
40 46.5 38.3 NS 
LSD(0.05) 4.7 3.9 13.6 
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Table 4.6: Mean Fusarium Head Blight severity (%) for the 39 F2:5 families in Population 3 at 
Lexington, KY, after one cycle of recurrent selection, 2004. 
 
Lines Treatment 
Non selected (R)             Selected (S) 
 
R-S 
1 31.1 23.9 NS 
2 36.2 35.6 NS 
3 43.2 40.3 NS 
4 38.3 29.8 NS 
5 54.2 59.8 NS 
6 46.6 49.0 NS 
7 32.8 33.4 NS 
8 39.4 31.1 NS 
9 38.9 41.0 NS 
10 44.9 34.1 10.7 
11 33.5 35.5 NS 
12 42.4 45.7 NS 
13 56.1 55.1 NS 
14 44.7 43.1 NS 
15 33.0 36.1 NS 
16 50.7 42.0 NS 
17 30.3 31.9 NS 
18 42.6 41.2 NS 
19 51.4 49.9 NS 
20 44.4 35.0 NS 
21 30.0 35.4 NS 
22 51.8 44.9 NS 
23 49.0 41.5 NS 
24 33.4 28.3 NS 
25 42.6 43.1 NS 
26 44.1 41.6 NS 
27 43.8 47.3 NS 
28 37.1 36.5 NS 
29 39.1 36.7 NS 
30 50.2 42.0 NS 
31 42.0 38.9 NS 
32 42.3 38.1 NS 
33 31.7 40.0 NS 
34 55.2 41.7 13.5 
35 47.8 43.1 NS 
36 33.4 35.9 NS 
37 29.7 26.8 NS 
38 44.6 39.5 NS 
39 38.0 39.1 NS 
LSD(5%) 4.6 4.3 10.1 
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Table 4.7: Mean Fusarium Head Blight severity (%) for the 40 F2:5 families in Population 1 at 
Princeton, KY, after one cycle of recurrent selection, 2004. 
 
Lines Treatment 
Non selected (R)    Selected (S) 
 
R-S 
1 35.0 20.1 NS 
2 24.7 16.2 NS 
3 40.3 19.6 20.7 
4 26.7 19.6 NS 
5 34.0 21.9 NS 
6 19.3 17.1 NS 
7 37.9 22.6 NS 
8 27.0 30.9 NS 
9 25.7 28.4 NS 
10 43.6 33.0 NS 
11 45.5 33.8 NS 
12 7.0 30.0 NS 
13 29.1 33.5 NS 
14 49.7 39.4 NS 
15 33.3 36.7 NS 
16 31.2 27.9 NS 
17 30.5 12.3 NS 
18 32.2 25.1 18.1 
19 25.2 29.7 NS 
20 48.1 40.4 NS 
21 31.7 29.6 NS 
22 35.9 34.8 NS 
23 21.4 26.4 NS 
24 36.5 35.7 NS 
25 26.9 35.6 NS 
26 27.1 33.7 NS 
27 39.8 36.6 NS 
28 32.8 27.8 NS 
29 29.8 24.5 NS 
30 23.9 33.3 NS 
31 49.6 55.0 NS 
32 32.2 17.5 NS 
33 21.1 16.8 NS 
34 43.1 16.8 26.3 
35 35.5 17.2 18.3 
36 27.9 29.2 NS 
37 13.0 12.2 NS 
38 31.4 35.3 NS 
39 22.1 17.1 NS 
40 50.4 37.0 NS 
LSD(0.05) 5.4 4.6 15.5 
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Table 4.8: Mean Fusarium Head Blight severity (%) for the 40 F2:5 families in Population 2 at 
Princeton, KY after one cycle of recurrent selection, 2004. 
 
Lines Treatment  
      Non selected (R)                Selected (S) R-S 
1 31.3 20.9 NS 
2 44.3 39.3 NS 
3 36.8 18.3 18.5 
4 46.9 29.7 17.1 
5 32.7 19.3 13.4 
6 29.6 33.6 NS 
7 34.4 28.9 NS 
8 31.2 27.5 NS 
9 20.2 25.8 NS 
10 43.7 25.5 18.2 
11 32.7 22.2 NS 
12 28.1 25.4 NS 
13 22.7 16.7 NS 
14 34.9 22.9 NS 
15 30.3 17.7 NS 
16 35.5 39.0 NS 
17 30.1 27.3 NS 
18 32.2 25.1 NS 
19 32.3 32.9 NS 
20 30.4 26.3 NS 
21 42.1 30.7 NS 
22 34.3 19.4 14.8 
23 29.5 27.0 NS 
24 33.5 31.5 NS 
25 48.9 27.6 21.3 
26 33.3 33.8 NS 
27 29.6 22.3 NS 
28 33.3 35.0 NS 
29 37.9 32.0 NS 
30 29.6 21.6 NS 
31 56.5 27.1 29.4 
32 48.4 22.0 26.4 
33 26.8 21.7 NS 
34 44.6 22.4 22.2 
35 37.0 32.8 NS 
36 35.4 28.1 NS 
37 52.2 37.7 14.4 
38 53.6 39.9 13.6 
39 30.1 19.6 NS 
40 37.0 26.9 NS 
LSD(0.05) 4.6 3.8 13.1 
 109
Table 4.9: Mean Fusarium Head Blight severity (%) for the 39 F2:5 families in Population 3 at 
Princeton, KY, after one cycle of recurrent selection, 2004. 
 
Lines Treatment 
    Non Selected (R)                 Selected (S) 
 
R-S 
1 40.4 38.5 NS 
2 35.7 37.1 NS 
3 37.0 32.4 NS 
4 38.1 38.0 NS 
5 46.4 38.9 NS 
6 50.3 49.7 NS 
7 31.0 32.8 NS 
8 43.1 38.7 NS 
9 34.1 42.3 NS 
10 40.9 31.2 NS 
11 40.6 37.5 NS 
12 41.4 42.3 NS 
13 31.2 35.9 NS 
14 62.7 52.0 NS 
15 38.2 36.3 NS 
16 47.5 41.0 NS 
17 24.4 34.2 NS 
18 40.8 31.9 NS 
19 43.2 40.1 NS 
20 45.6 29.4 16.2 
21 32.1 40.9 NS 
22 57.3 52.4 NS 
23 41.3 42.5 NS 
24 28.7 26.2 NS 
25 39.2 34.1 NS 
26 33.9 35.7 NS 
27 40.6 46.3 NS 
28 27.2 21.3 NS 
29 31.7 36.2 NS 
30 49.2 48.7 NS 
31 35.8 32.9 NS 
32 39.5 31.9 NS 
33 31.1 38.2 NS 
34 39.5 30.4 NS 
35 49.3 37.9 NS 
36 29.9 31.1 NS 
37 26.5 28.4 NS 
38 45.5 36.8 NS 
39 43.5 34.6 NS 
LSD(5%) 4.5 4.3 15.2 
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Table 4.10: Mean Fusarium damaged kernels (FDK) for the 40 F2:5 families in population 1 at 
Lexington, KY, after one cycle of recurrent selection, 2004. 
 
Lines Treatment 
Non Selected (R)          Selected (S) 
 
R-S 
1 38.4 36.1 NS 
2 80.0 38.4 41.6 
3 72.0 39.2 NS 
4 55.2 41.9 NS 
5 55.9 75.6 NS 
6 74.3 62.2 NS 
7 75.0 54.9 NS 
8 52.9 57.2 NS 
9 68.2 60.2 NS 
10 77.5 77.5 NS 
11 55.9 54.0 NS 
12 74.5 53.6 NS 
13 45.4 82.5 NS 
14 80.0 44.5 35.5 
15 76.7 77.5 NS 
16 51.0 42.2 NS 
17 52.4 38.0 NS 
18 62.1 17.1 45.0 
19 80.0 44.7 35.3 
20 82.5 77.5 NS 
21 68.7 45.7 NS 
22 80.0 77.5 NS 
23 72.2 56.0 NS 
24 53.8 66.8 NS 
25 40.2 23.7 NS 
26 55.9 77.9 NS 
27 77.5 72.3 NS 
28 60.3 31.2 NS 
29 82.5 62.8 NS 
30 33.6 56.2 NS 
31 63.3 82.5 NS 
32 43.5 32.3 NS 
33 26.9 40.0 NS 
34 67.9 80.0 NS 
35 75.0 68.9 NS 
36 77.5 71.9 NS 
37 85.0 82.5 NS 
38 85.0 76.2 NS 
39 82.0 80.0 NS 
40 77.5 80.0 
LSD(0.05) 8.8 10.5 35.0 
NS 
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Table 4.11: Mean Fusarium damaged kernels (FDK) for the 40 F2:5 families in population 1 at 
Lexington, KY, after one cycle of recurrent selection, 2004. 
 
Lines Treatment 
Non selected (R)           Selected (S) 
 
R-S 
1 28.1 37.7 NS 
2 37.5 56.3 NS 
3 33.1 20.5 NS 
4 38.1 40.1 NS 
5 47.9 29.2 NS 
6 22.0 29.6 NS 
7 33.8 43.9 NS 
8 17.1 38.4 NS 
9 32.6 21.8 NS 
10 28.2 11.9 NS 
11 50.7 29.1 NS 
12 60.6 53.5 NS 
13 32.8 22.2 NS 
14 53.3 65.1 NS 
15 24.2 14.1 NS 
16 23.0 48.6 NS 
17 45.8 35.7 NS 
18 20.4 33.6 NS 
19 57.8 57.7 NS 
20 44.1 39.8 NS 
21 38.0 43.9 NS 
22 37.8 30.0 NS 
23 69.2 23.2 46.0 
24 30.2 48.0 NS 
25 52.2 29.7 NS 
26 21.4 22.1 NS 
27 57.1 77.3 NS 
28 39.0 35.8 NS 
29 25.4 29.3 NS 
30 28.3 28.7 NS 
31 80.0 59.1 NS 
32 80.0 50.1 NS 
33 67.2 51.9 NS 
34 65.3 51.6 NS 
35 31.8 36.1 NS 
36 50.4 24.6 NS 
37 34.9 22.3 NS 
38 82.5 30.2 52.3 
39 47.9 30.5 NS 
40 31.0 37.0 NS 
LSD(0.05) 8.7 8.0 31.7 
 112
Table 4.12: Mean Fusarium damaged kernels (FDK) for the 39 F2:5 families in Population 3 at 
Lexington, KY after one cycle of recurrent selection, 2004. 
 
Lines Treatment 
   Non selected (R)                  Selected (S) 
 
R -S 
1 22.3 15.6 NS 
2 53.3 63.8 NS 
3 77.5 58.1 NS 
4 48.5 24.5 NS 
5 85.0 77.5 NS 
6 80.3 73.8 NS 
7 38.6 75.0 NS 
8 75.4 85.0 NS 
9 53.1 44.0 NS 
10 61.1 53.3 NS 
11 61.4 42.6 NS 
12 59.0 69.1 NS 
13 75.0 75.0 NS 
14 72.5 70.0 NS 
15 25.9 61.5 NS 
16 77.5 64.5 NS 
17 27.2 43.3 NS 
18 81.0 53.3 27.7 
19 41.9 72.8 NS 
20 71.0 54.8 NS 
21 42.7 76.0 NS 
22 57.1 69.1 NS 
23 57.9 50.1 NS 
24 75.0 46.0 29.0 
25 75.0 82.5 NS 
26 68.2 33.0 35.3 
27 80.0 82.5 NS 
28 41.6 33.0 NS 
29 69.5 52.7 NS 
30 80.0 72.7 NS 
31 75.2 75.0 NS 
32 59.1 53.0 NS 
33 30.6 85.0 NS 
34 64.4 56.7 NS 
35 42.1 63.1 NS 
36 37.3 36.1 NS 
37 30.6 27.9 NS 
38 28.3 24.8 NS 
39 29.5 66.0 NS 
LSD(0.05) 9.2 8.5 27.2 
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Tables 4.13: Mean Fusarium damaged kernels (FDK) for the 40 F2:5 families in Population 1 at 
Princeton, KY, after one cycle of recurrent selection, 2004. 
 
Lines Treatment 
Non selected (R)             Selected(S) 
 
R - S 
1 21.2 13.9 NS 
2 19.6 10.3 NS 
3 34.0 18.9 NS 
4 38.9 23.9 NS 
5 30.7 14.3 NS 
6 13.7 42.0 NS 
7 40.8 18.3 NS 
8 12.7 22.3 NS 
9 25.5 14.8 NS 
10 32.5 36.7 NS 
11 14.9 15.3 NS 
12 17.0 16.2 NS 
13 31.2 48.9 NS 
14 38.9 48.4 NS 
15 29.0 20.8 NS 
16 51.0 16.5 34.5 
17 12.3 15.4 NS 
18 16.7 12.1 NS 
19 20.2 18.1 NS 
20 32.1 30.9 NS 
21 48.0 30.2 NS 
22 13.4 28.8 NS 
23 11.9 12.3 NS 
24 25.1 14.5 NS 
25 14.2 18.7 NS 
26 16.9 25.5 NS 
27 37.9 21.1 NS 
28 15.8 22.6 NS 
29 15.1 11.9 NS 
30 14.1 17.9 NS 
31 33.0 80.0 NS 
32 14.4 12.5 NS 
33 21.9 10.9 NS 
34 68.5 10.1 58.4 
35 18.6 21.9 NS 
36 11.3 16.6 NS 
37 26.2 24.3 NS 
38 19.0 25.4 NS 
39 50.4 66.0 NS 
40 54.0 64.5 NS 
LSD (0.05 ) 8.8 10.2 29.7 
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Table 4.14: Mean Fusarium damaged kernels (FDK) for the 40 F2:5 families in Population 2 at 
Princeton, KY, after one cycle of recurrent selection, 2004. 
 
Lines Treatment 
Non Selected (R)             Selected (S) 
 
R-S 
1 30.3 13.8 NS 
2 42.6 16.1 NS 
3 26.3 11.7 NS 
4 21.1 18.4 NS 
5 18.4 17.2 NS 
6 37.1 20.8 NS 
7 12.7 20.8 NS 
8 13.7 19.5 NS 
9 15.9 22.3 NS 
10 12.8 9.3 NS 
11 13.5 19.7 NS 
12 17.4 26.7 NS 
13 18.7 21.1 NS 
14 31.4 16.5 NS 
15 13.1 15.1 NS 
16 16.2 17.7 NS 
17 11.0 9.4 NS 
18 20.1 26.9 NS 
19 21.5 41.4 NS 
20 13.2 17.7 NS 
21 15.3 25.8 NS 
22 12.1 24.1 NS 
23 20.7 27.0 NS 
24 28.7 17.5 NS 
25 18.3 24.2 NS 
26 13.0 12.7 NS 
27 15.8 27.0 NS 
28 24.3 31.6 NS 
29 22.9 29.8 NS 
30 13.0 14.6 NS 
31 18.6 15.8 NS 
32 20.4 39.1 NS 
33 14.8 14.7 NS 
34 29.1 22.3 NS 
35 20.3 18.6 NS 
36 13.0 13.8 NS 
37 27.2 20.3 NS 
38 41.9 50.6 NS 
39 21.5 45.1 NS 
40 44.3 33.7 NS 
LSD(0.05) 8.7 8.0 20.3 
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Table 4.15: Mean Fusarium damaged kernels (FDK) for the 39 F2:5 families in Population 3 at 
Princeton, KY, after one cycle of recurrent selection, 2004. 
 
Lines Treatment 
Non Selected (R)              Selected (S) 
 
R-S 
1 11.3 13.5 NS 
2 33.2 22.4 NS 
3 21.9 22.0 NS 
4 15.1 15.8 NS 
5 21.5 32.0 NS 
6 23.2 37.3 NS 
7 17.9 16.0 NS 
8 31.6 27.1 NS 
9 12.0 15.3 NS 
10 19.4 31.4 NS 
11 21.8 17.4 NS 
12 26.8 21.9 NS 
13 21.4 27.3 NS 
14 42.2 38.8 NS 
15 15.1 17.8 NS 
16 30.7 22.9 NS 
17 7.0 9.8 NS 
18 31.6 18.5 NS 
19 22.7 20.5 NS 
20 19.3 31.1 NS 
21 14.6 26.0 NS 
22 16.5 14.4 NS 
23 21.8 17.1 NS 
24 14.5 21.1 NS 
25 14.7 15.0 NS 
26 37.4 16.5 20.9 
27 26.0 31.5 NS 
28 8.5 13.3 NS 
29 12.6 13.3 NS 
30 23.8 16.5 NS 
31 19.2 32.6 NS 
32 21.6 15.4 NS 
33 17.4 26.6 NS 
34 18.5 24.5 NS 
35 13.8 18.7 NS 
36 18.0 13.1 NS 
37 13.7 17.9 NS 
38 13.4 16.4 NS 
39 10.0 13.2 NS 
LSD(0.05) 9.2 8.6 16.1 
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Table 4.16: Means and their standard errors (SE) for FHB severity (%), Fusarium damaged 
kernels (FDK), height (cm) and anthesis date for Population 1 after a cycle of recurrent selection 
at Lexington, KY and Princeton, KY, 2004 
 
 Severity (%) 
Mean          SE 
FDK (%) 
Mean          SE 
Height (cm) 
Mean         SE 
An. Date* 
Mean        SE 
Lexington 
           Selected 
 
40.3            1.2 
 
58.5            2.4 
 
35.4             1.1 
 
16.3            0.5 
    Non selected 
 
50.8            1.5 65.4            2.1 35.1             1.3 16.4            0.8 
Checks   
            25R18 
              2555 
 
43.8            1.2 
77.4            1.7 
 
65.8            9.4 
68.0            6.4 
  
Princeton 
          Selected 
 
27.7 
 
26.6            2.2 
  
10.7            0.9 
    Non selected 
 
32.2            1.2 24.8            2.0  10.5            1.1 
Checks 
              25R18 
                2555 
 
17.9            1.1 
57.6            2.6 
 
10.1             0.5 
41.0             0.1 
  
     
 
*Days after May 1. 
 117
Table 4.17: Means and their standard errors (SE) for FHB severity (%), Fusarium damaged 
kernels (FDK %), height (cm) and anthesis date for Population 2 after a cycle of recurrent 
selection in 2004 at Lexington, KY and Princeton, KY, 2004. 
 
 Severity (%) 
Mean          SE 
FDK (%) 
Mean          SE 
Height (cm) 
Mean         SE 
An. Date* 
Mean        SE 
Lexington 
           Selected 
 
 29.5            1.6 
 
37.3             2.2 
 
40.6            2.2 
 
14.3            0.3 
    Non selected 
 
 38.9            1.4 42.6             2.0 39.6            2.0 13.9            0.8 
Checks   
            25R18 
              2555 
 
 43.8            1.2 
 77.4            1.7 
 
65.8             9.4 
68.0             6.4 
  
Princeton 
          Selected 
 
 27.1            1.4 
 
22.3             1.6 
  
8.3              0.5 
    Non selected 
 
 34.7            1.1 21.1             1.4  8.2              1.3 
Checks 
              25R18 
                2555 
 
17.9             1.1 
57.6             2.6 
 
10.1             0.5 
41.0             0.1 
  
     
 
*Days after May 1. 
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Table 4.18: Means and their standard errors (SE) for FHB severity (%), Fusarium damaged 
kernels (FDK), height (cm) and anthesis date for Population 3 after a cycle of recurrent selection 
in 2004 at Lexington and Princeton, KY, 2004. 
 
 Severity (%) 
Mean          SE 
FDK (%) 
Mean          SE 
Height (cm) 
Mean         SE 
An. Date* 
Mean        SE 
Lexington 
           Selected 
 
39.3            1.5 
 
58.0            0.9 
 
34.3            1.5 
 
12.2            0.8 
    Non selected 
 
41.6            1.3 57.2            1.2 34.3            1.3 12.2            1.1 
Checks   
            25R18 
              2555 
 
43.8            1.2 
77.4            1.7 
 
65.8            9.4 
68.0            6.4 
  
Princeton 
          Selected 
 
37.1            1.6 
 
21.1            1.4 
  
9.1              1.5 
    Non selected 
 
39.3            1.3 20.1            1.5  8.4              1.4 
Checks 
              25R18 
                2555 
 
17.9            1.1 
57.6            2.6 
 
10.1             0.5 
41.0             0.1 
  
     
 
*Days after May 1. 
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Table 4.19: Effect of one cycle of among-family selection for low FHB index on severity of infection, Fusarium damaged kernels 
(FDK) and DON concentration in three winter wheat populations, Lexington, KY. 2004 
 
 Population 1 Population 2 Population 3 
Entry Severity       FDK           DON 
   (%)             (%)           (ppm) 
Severity       FDK           DON 
   (%)             (%)           (ppm) 
Severity       FDK           DON 
   (%)             (%)           (ppm) 
C0  50.8              65.8           13.2  38.9             42.6             18.8   41.6            57.2          13.6 
C1-1  57.4              38.4           15.2  29.3             28.1              5.8   36.2            53.3           7.8 
C1-2  61.8              55.2             9.3  31.6             37.5             16.5   32.8            38.6           9.4 
C1-3  54.0              75.0           11.7  38.3             33.1             10.9   39.4            75.4           15.8 
C1-4  44.9              51.1           11.1  40.4             17.1              7.5   44.9            61.1            9.2 
C1-5  52.8              80.0           13.4  36.6             32.8             12.1   33.5            61.4           10.6 
C1-6  54.4              40.2           11.6  36.3             69.2             10.9   33.0            25.8           12.4 
C1-7  41.0              33.5           12.4  36.4             50.4             12.2   30.0            42.6           16.5 
C1-8  37.7              43.5           16.2  22.5             47.9             10.2   42.0            75.2           11.5 
LSD (0.05)   9.2               10.1             4.6  8.0               9.1               3.4           7.8               8.5             4.3 
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Chapter 5 
 
Breeding for Fusarium Head Blight Resistance: Greenhouse and Marker-based Screening In 
Early Generations 
 
Introduction 
 
Fusarium Head Blight (FHB), or head scab, caused by Fusarium graminearum 
(Schwabe) is a historically devastating disease of wheat and barley around the world. Mc Mullen 
(1997) reported that the damage produced by the fungus includes reduction of yield, 
contamination with mycotoxins and reduction in seed quality. The disease also reduces the test 
weight and lowers the market grade. 
 The spring wheat cultivar Sumai 3, and its derivatives such as ‘Ning 7840”, is the most 
widely used source of resistance in the world and is the best characterized. Since its introduction 
to USA, it has been used extensively for both spring wheat and winter wheat breeding programs 
(Wilcoxson, 1993; Bai and Shaner, 1994). Sumai 3 has been defined as a highly resistant cultivar 
by most of the breeding programs where it is used, and it is considered to have a stable and 
heritable resistance.  
Mesterhazy (1995) described five mechanisms for resistance to FHB. Types I and II 
resistance are the most commonly evaluated, and several methodologies have been developed to 
assess these types of resistance by plant breeders. The Sumai 3 cultivar is the best source of Type 
II resistance. Type II resistance is typically evaluated in the greenhouse by inoculating a single 
central spikelet of a spike at anthesis and measuring the progression of disease symptoms from 
the point of inoculation. Generally symptoms are recorded only once, typically 14 to 21 days 
after inoculation. Bai et al., (2001) evaluating 33 genotypes found a moderate (0.55; P<0.01) 
correlation between field and greenhouse severity measurements. 
Evaluation of FHB resistance is laborious, expensive and subject to environmental 
influence (Kolb et al., 2001; Van Sanford et al., 2001); therefore, molecular markers for FHB 
resistance genes will greatly enhance selection for FHB resistance. The number of published 
reports of molecular markers associated with FHB resistance has increased dramatically in the 
last years. There have been several reports of RFLPs and AFLPs associated with FHB resistance 
in wheat (Waldron et al., 1999; Bai et al., 1999). A SSR (Xgwm) on chromosome 3BS explained 
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25% of the variation in FHB resistance in the ND2603/Butte 86 population (Anderson et al., 
1999). 
Other regions have also been associated with resistance to FHB. An additional QTL was 
located on chromosome 5A and a third on the 1B. These results and results from other research 
groups (Anderson et al., 2001; Shen et al., 2003) indicate that the chromosome 3BS carries a 
gene with a major effect for FHB. 
This chapter reports the performance of the three populations in the greenhouse and also 
presents preliminary data about a genotyping evaluation carried out to assess the presence of 
Sumai 3 resistance alleles in the 120 families under study. 
 
Materials and Methods 
 
Three F2:4 soft red winter wheat populations of 40 lines each were evaluated during 2003 
and the F2:5 generation in 2004 in the greenhouse at Lexington, KY. Pedigrees of the three 
populations are given in Table 3.1. Each population contained within its pedigree a derivative of 
the resistant Chinese cultivar Sumai 3. This spring cultivar is the most widely used source of 
resistance in the world and is the best characterized.  
Eight seeds in 2003 and ten in 2004 of each of the 40 lines per population were 
artificially vernalized. Seeds were placed onto 2.5 in2 blotter paper that had been soaked in a 
mixture of LSP (Thiabendazole) and Raxil (Thiram). The blotter paper and seed were put into 
small plastic bags. The seed packets were placed into vernalization chamber set at 4C on 21 
November 2003 and 2004 where they remained for eight weeks. 
 Seedlings were transplanted into greenhouse pots on 16 January 2003 and 2004. Eight or 
ten seedlings of each line were planted in a completely random design. The soil used was two 
parts soil, two parts Pro-Mix and one part sand. Seedlings were grown under artificial lighting 
and were fertilized with water soluble 20-20-20 four times. During the vegetative stage of plant 
growth daylight was 12 hours; from flowering to maturity daylight was 16 hours. Approximate 
greenhouse temperature were 70 F during the day and 50 F during the night.  
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Macroconidial spore suspension 
 Eleven cultures of Fusarium graminearum were obtained from scabby wheat seed by 
surface sterilization and plating onto acidified potato dextrose agar. All the isolates were 
obtained from different geographical regions of Kentucky. To induce sporulation, mycelium 
from the cultures was plated onto carnation leaf agar. Plating a single-spore onto acidified potato 
dextrose agar ensured culture purity. The cultures were then increased on potato dextrose agar. 
Macroconidial suspensions were prepared by placing two mycelial plugs from a culture of F. 
graminearum in 100 ml of carboxymethycellulose (CMC) liquid media. Flasks were placed on a 
shaker (115 Rpm) for 2 weeks at 24°C. Spore suspensions were prepared by filtering the cultures 
through a 3.0 mm Millipore filter system. Macroconidia were resuspended in sterile water and 
streaked onto mung bean agar plates. The plates were incubated for 7 days then washed with 
sterile water. The washed suspension from each of the twelve isolates was then combined and 
calibrated with the aid of a hemocytometer. For the point inoculation treatment in 2003 the 
suspension from each of the eleven isolates was combined and calibrated to 400,000 spores/mL. 
From this spore suspension a 3 µl aliquot containing approximately 1,200 spores was injected 
into wheat spikes. 
 
Greenhouse screening 
As each wheat spike reached anthesis, a central floret was injected with a 3 µl droplet of 
a macroconidial suspension containing approximately 1,200 spores. The spike was injected with 
a pipette directly through the glumes in a central floret. After plants had been injected they were 
moved into a mist humidity chamber for three consecutive nights. Plants were removed from the 
mist humidity chamber on the fourth day and returned to the greenhouse bench. Plants were 
scored for FHB spikelet severity twenty-one days post inoculation. FHB severity was calculated 
as the number of FHB infected spikelets over the total number of spikelets. 
 
Genotypic screening 
At the beginning of 2003, ten F2:4 seeds of each family were sent for a marker analysis. 
Marker analysis was done at the USDA Genotyping center at Manhattan, KS. Screening for the 
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Type II resistance QTL located on the chromosome 3BS was done using the SSR markers 
GWM493 and GWM533 (Anderson et al., 2001).  
 
Statistical analysis 
Data from the individual spikes were averaged to give genotype means. Analysis of 
variance was performed for severity. Broad sense heritabilities were calculated for severity using 
the method by Knapp et al., (1985). Correlations of interesest were estimated by using PROC 
CORR (SAS, 1990). 
 
Results and Discussion 
 
Tables 5.1, 5.2 and 5.3 give the mean and standard error for severity in the three 
populations. In all three populations some lines were very late in flowered or they never 
flowering so it was not possible to score them in the greenhouse. Table 5.4 gives the severity 
mean in the three populations comparing the eight selected families in the among-family 
selection study with the total 40 families in each population (see chapter 4 for details). 
In 2003, Population 1 had the lowest mean severity (28.0%) of the three populations. 
There was significant variation (P<0.05) among F2:4 lines for populations 1 and 3 (Tables 5.5 and 
5.7) and no significant variation among F2:4 lines for population 2 (Table 5.6). 
In 2004, Population 2 had the lowest mean severity (37.4%) of the three populations. There 
was significant variation (P<0.05) among F2:5 lines for the three populations (Tables 5.8, 5.9, 
5.10). Combined analysis of variance for FHB severity was conducted for the three populations 
(Table 5.11, 5.12, 5.13) and the results showed that in each population the lines were a 
significant source of variation (P<0.01). For Populations 1 and 3 year was also a significant 
source of variation (P<0.05) and the interaction of year x line was a significant source of 
variation for Population 2 (P<0.05), which was not expected because the greenhouse 
environment is controlled. Some variation in diurnal temperature and radiation that influenced 
plants growth were detected during 2003, this could have influenced the disease infection and 
results for 2003. Moroever, this issue brings up the point of the reliability of the greenhouse 
screening for this difficult disease. Later in the chapter this point will be discussed in more depth.  
Broad sense heritabilities (hbs) were calculated for severity in the three populations. The hbs 
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estimates were low in each year and also was the combined hbs estimate (Table 5.14). Only 
Population 3 had a moderate hbs (0.50) in 2003 and also the combined estimate for two years, and 
Population 2 in 2004 (0.63).  
To investigate the association between the different environments where severity was 
measured (i.e field and greenhouse) and to assess the accuracy of the greenhouse environment, 
correlations were calculated and are shown in tables (5.15, 5.16, 5.17). Low correlations were 
found between the two test environments (greenhouse and field) for severity in 2003 and 2004 
and also a low correlation was found among the greenhouse studies carried out the two years, 
except in population 3 where the correlation in 2003 was moderate (0.46; P<0.01). Bai et al., 
(2001) evaluating 33 genotypes for many traits found a moderate (0.55; P<0.01) correlation 
between field and greenhouse severity measurements, the same moderate correlation that was 
found in this study for Population 3. In another study, Hall and Van Sanford (2003), found low 
correlations (0.36, 0.14) after evaluating in greenhouse and field two series of diallel crosses. 
They conducted the evaluation in the field and greenhouse with identical methodology and 
because of the lack of agreement between both studies they concluded that the critical evaluation 
and selection should be done in the field. 
The low correlations in this study bring up the point of which screening environment is 
better to assess type II resistance, field or greenhouse. Screening for Type II resistance is 
commonly done by injecting a single floret of a spike with a conidial suspension and assessing 
the fungus spread in the spike. Many authors claim the greenhouse is the best environment to 
assess type II resistance, because the conditions for infection can be carefully controlled (Bai and 
Shaner 1996; Rudd et al, 2001; Bai and Shaner 2004;). Also because it could be rather difficult 
to distinguish type I and type II resistance in the field, where plants undergo a long flowering 
period during which they can be infected, with much inoculum in the air (Bai and Shaner, 2004). 
 Some other authors questioned the accuracy of greenhouse disease ratings when visually 
evaluating genotypes for FHB type II resistance. (Savart et al., 2000; TeKrony et al., 2001) and 
also the poor association between greenhouse and field data (Hall and Van Sanford, 2003). 
Savart et al., (2000) suggested that that the fungus impedes circulation at the point of entry into 
the rachis preventing the movement of water and nutrients to the top of the spike and this 
provokes the sudden blighting of the top part, as a result of the vascular dysfunction, rather than 
by direct invasion of the fungus. TeKrony et al., (2001) consistently found greater seed infection 
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below the point of greenhouse inoculation than above this point.  
The poor correlations found among the greenhouse data from both years in this study and 
the significant genotype x year interaction in Population 2 (Table 5.12) also indicate that 
greenhouse conditions were not completely controlled. 
Further research should be done to clarify these points. It is possible that better greenhouse 
conditions could provide more reliable information about this methodology. The greenhouse 
provides an off-season screening environment to evaluate genotypes and also, if the correlations 
were higher could be an excellent environment to screen for type II resistance and avoid the 
severity screening in the field. Severity readings in the field are time consuming (approximately 
30 plants per genotype). It would be an advantage to focus on other traits during the field season, 
like DON and FDK measurements or increasing the amount of testing material. 
 
Results and discussion for the genotypic screening 
 
Pedigree information led us to expect that all three populations would be segregating for 
the Sumai 3 resistance alleles. However, marker-based screening showed that only 19 lines of 
population 2 had the Sumai 3 alleles associated with markers GWM493 and GWM533.  
The forty families of population 2 that were evaluated in 2003 (see chapter 3 for details) were 
analyzed to compare the mean performance of the families segregating for the Sumai 3 allele and 
the families non-segregating for the allele. The results are shown on tables 5.18 and 5.19.  
Mean severity was significantly lower in the families segregating for the Sumai 3 allele 
than the families that are not segregating for the allele (27.6 vs 32.9%). Also the FDK percentage 
was significantly lower in the families segregating for the Sumai 3 allele (9.2 vs 11.7%) and 
there was a difference in DON accumulation also favoring these families (9.8 vs 10.7 ppm).  
Field screening and selection in early generations is of crucial importance for a plant 
breeder, taking advantage of maximal genetic variance. But the variation within families is 
problematic and may mask differences between lines that differ for the presence of the resistance 
alleles. Marker-based screening could be a useful tool in segregating populations but it is 
necessary to find the best generation for its effective use. Screening individuals in lines shown to 
be segregating for the resistance QTL could be an effective approach for the use of marker 
technology in early generations. 
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Table 5.1: Entry means and their standard errors (SE) for FHB severity  (%) in Population 1 
based on Greenhouse screening in 2003 and 2004. 
 
Lines                  GH 03 
         Mean                      SE 
                GH 04 
         Mean                     SE 
1 15.4 5.7 43.3 18.3 
2 31.0 11.7 39.3 10.0 
3 24.7 10.9 42.3 12.5 
4 44.5 14.1 67.5 15.5 
5   66.7 15.5 
6 36.7 12.1 39.6 13.6 
7 25.5 13.1 25.3 12.3 
8 8.6 1.7 49.2 19.4 
9 27.2 10.3 41.9 12.2 
10 58.7 16.1 46.3 18.0 
11   23.3 11.8 
13 13.9 3.6 70.6 15.1 
14 14.6 6.0 38.2 16.5 
15 6.5 0.5 47.8 12.6 
16 53.0 17.5 12.2 4.5 
17 51.8 15.7 26.9 12.9 
18 15.5 5.6 43.7 12.4 
19 10.7 2.8 44.1 17.9 
20 33.1 14.5 51.1 14.2 
21   50.9 10.4 
22   47.9 22.9 
23 21.1 7.7 45.3 14.0 
24 27.2 13.7 41.1 13.9 
25   32.1 11.8 
26 35.0 12.9 35.9 16.0 
27 21.8 12.1 17.1 5.2 
28 11.2 1.5 8.1 10.0 
29 9.0 4.2 34.1 13.6 
30 42.7 15.4 87.9 5.0 
31 24.7 9.5 71.3 9.1 
32 24.7 14.1 63.1 14.3 
33   60.5 14.9 
34 41.6 13.4 44.3 15.2 
35 51.7 15.4 58.4 14.8 
36 5.2 0.4 19.1 11.2 
37 41.9 14.5 69.5 10.4 
38 23.5 4.6 60.9 17.4 
40 42.2 15.6 60.1 10.4 
Mean 28.0 9.9 45.4 12.9 
Families 12 and 39 did not flowered at the greenhouse 
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Table 5.2: Entry means and their standard errors (SE) for FHB severity (%) in Population 2 
based on Greenhouse screening in 2003 and 2004. 
 
Lines GH 03 
Mean                      SE 
GH 04 
Mean                     SE 
1 38.5 14.8 8.7 10.0 
2 17.8 11.7 33.6 13.5 
3 54.8 15.6 34.6 10.2 
4 26.8 11.6 55.3 13.7 
5 14.6 7.2 8.8 1.8 
6 51.2 15.1 25.8 10.1 
7 53.4 17.6 57.3 13.2 
8 10.1 4.5 11.5 1.5 
9 7.4 1.2 42.5 11.1 
10 12.6 4.5 57.1 15.2 
11 41.4 13.2 42.2 14.0 
12 19.0 8.7 43.0 16.0 
13 42.3 15.7 31.3 10.6 
14 52.4 15.5 44.3 14.1 
15 53.1 17.7 43.8 7.9 
16 40.3 11.8 42.3 10.6 
17 18.5 11.7 79.7 11.3 
18 10.1 4.4 20.3 5.1 
19 50.3 15.9 24.2 9.3 
20 44.8 15.6 60.0 13.9 
21 35.5 13.6 58.6 14.5 
22 39.0 13.7 42.0 6.6 
23 23.6 13.3 28.5 11.7 
24 37.1 12.7 15.1 6.5 
25 51.8 12.5 36.4 9.8 
26 55.7 16.9 72.1 11.0 
27 27.6 13.9 45.9 13.1 
28 38.6 14.7 29.4 6.6 
29 52.6 14.9 47.7 11.4 
30 65.8 15.5 14.5 2.1 
31   60.5 13.1 
32 54.5 13.9 68.4 12.1 
33 67.0 17.5 24.9 10.7 
34   68.7 14.4 
35 41.0 17.3 17.8 5.7 
36 13.5 5.3 9.9 1.2 
37 23.0 11.2 9.5 1.1 
38 27.4 10.5 30.4 10.9 
39 23.7 11.4 13.0 2.4 
40 31.3 12.1 35.8 11.0 
Mean 36.0 12.5 37.4 9.7 
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Table 5.3: Entry means and their standard (SE) errors for FHB severity (%) in Population 3 
based on Greenhouse screening in 2003 and 2004. 
 
Lines GH 03 
Mean                      SE 
GH 04 
Mean                     SE 
1 46.0 13.0 47.0 17.6 
2 43.0 14.9 36.3 12.9 
3 21.7 6.3 36.3 10.9 
4 35.5 11.0 38.1 16.6 
5 66.2 14.9 64.4 13.0 
6 13.4 3.2 57.8 11.7 
7 14.9 2.3 30.6 14.4 
8 55.2 12.2 37.7 14.3 
9 41.6 13.5 43.7 15.3 
10 27.0 5.5 30.9 8.9 
11 34.6 14.5 51.7 14.6 
12 49.3 14.2 44.8 16.2 
13 30.5 7.1 47.8 15.2 
14 36.6 11.4 27.5 14.3 
15 34.2 10.1 20.0 5.1 
16 16.4 4.2 52.4 18.8 
17 69.1 14.5 21.5 9.7 
18 63.2 11.8 62.6 16.7 
19   51.1 16.4 
20 37.6 11.6 44.3 10.1 
21 33.5 12.2 37.8 8.9 
22 70.9 14.4 54.9 14.8 
23 74.7 14.2 57.0 14.1 
24 42.8 13.4 49.7 18.3 
25   38.4 12.5 
26 11.2 3.9 25.8 10.6 
27 23.5 7.6 44.5 12.9 
28 49.9 16.8 63.5 17.9 
29   41.6 15.0 
30 63.0 15.7 83.7 7.7 
31   42.7 16.6 
32 64.2 12.0 78.2 9.5 
33 69.0 14.9 36.4 14.5 
34 44.0 13.9 51.2 13.9 
35 16.0 6.1 49.7 20.0 
36 36.8 14.3 81.9 7.6 
37 61.8 14.4 89.6 8.5 
38 35.4 14.8 33.7 15.3 
39 45.3 16.2 82.7 7.4 
Mean 44.2 11.5 48.4 13.3 
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Table 5.4 : Means for FHB severity (%) at the greenhouse in the three populations. Means of the 
40 families and the 8 selected families based on low FHB index in 2003. 
 
 Population 1 Population 2 Population 3 
2003 
               40 families 
 
 
28.0 
 
36.0 
 
44.2 
   8 selected families 
 
30.9 23.2 34.6 
2004 
               40 families 
 
 
45.4 
 
37.4 
 
48.4 
   8 selected families 
 
46.9 21.4 41.1 
 130
Table 5.5: Analysis of variance for FHB severity (%) in Population 1 in a greenhouse experiment 
in 2003. 
 
Source df MS P value 
 
Genotypes 
 
32 
 
1374.29 
 
0.04 
 
Error 
 
171 
 
886.03 
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Table 5.6: Analysis of variance for FHB severity (%) in Population 2 in a greenhouse experiment 
in 2003. 
 
Source df MS P value 
 
Genotypes 
 
37 
 
1928.13 
 
0.07 
 
Error 
 
246 
 
1369.24 
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Table 5.7: Analysis of variance for FHB severity (%) in Population 3 in a greenhouse experiment 
in 2003. 
 
Source df MS P value 
 
Genotypes 
 
34 
 
2585.56 
 
< 0.01 
 
Error 
 
235 
 
1166.65 
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Table 5.8: Analysis of variance for FHB severity (%) in Population 1 in a greenhouse experiment 
in 2004. 
 
Source df MS P value 
 
Genotypes 
 
37 
 
1664.95 
 
0.04 
 
Error 
 
203 
 
1115.73 
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Table 5.9: Analysis of variance for FHB severity (%) in Population 2 in a greenhouse experiment 
in 2004. 
 
Source df MS P value 
 
Genotypes 
 
39 
 
2535.82 
 
< 0.01 
 
Error 
 
226 
 
930.76 
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Table 5.10: Analysis of variance for FHB severity (%) in Population 3 in a greenhouse 
experiment in 2004. 
 
Source df MS P value 
 
Genotypes 
 
38 
 
1876.14 
 
< 0.01 
 
Error 
 
211 
 
1094.89 
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Table 5.11: Combined analysis of variance for FHB severity (%) in Population 1 in a greenhouse 
experiment in 2003-04. 
 
Source df MS P value 
 
Year 
 
1 
 
24425.10 
 
< 0.01 
 
Genotypes 
 
38 
 
1771.82 
 
< 0.01 
 
Genotypes*year 
 
31 
 
1142.55 
 
0.29 
 
Error 
 
374 
 
1010.64 
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Table 5.12: Combined analysis of variance for FHB severity (%) in Population 2 in a greenhouse 
experiment in 2003-04. 
 
Source df MS P value 
 
Year 
 
1 
 
0.68 
 
0.98 
 
Genotypes 
 
39 
 
2699.29 
 
< 0.01 
 
Genotypes*year 
 
37 
 
1645.46 
 
0.05 
 
Error 
 
472 
 
1159.29 
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Table 5.13: Combined analysis of variance for FHB severity (%) in Population 3 in a greenhouse 
experiment in 2003-04. 
 
Source df MS P value 
 
Year 
 
1 
 
5832.68 
 
0.02 
 
Genotypes 
 
38 
 
2785.89 
 
< 0.01 
 
Genotypes*year 
 
34 
 
1357.49 
 
0.21 
 
Error 
 
446 
 
1132.70 
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Table 5.14: Broad sense heritabilites estimates (hbs2) and their 90% confidence interval in 
parentheses for severity measured in the greenhouse in 2003-04. Estimates for three winter wheat 
populations. 
 
 Population 1 Population 2 Population 3 
GH 03 
 
0.35 
(-0.11 - 0.62) 
0.29 
(-0.23 - 0.41) 
0.55 
(0.22 - 0.73) 
GH04 
 
0.33 
(-0.15 – 0.61) 
0.63 
(0.37 – 0.78) 
0.42 
(0.05 – 0.66) 
GH03-04 
 
0.35 
(-0.11 – 0.63) 
0.39 
(-0.05 – 0.64) 
0.51 
(0.16 – 0.71) 
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Table 5.15: Correlation coefficients between greenhouse severity and field severity experiments 
conducted in two years, 2003-04 for Population 1. 
 
Source Field 031 Field 041 GH03 GH04 
 
Field 03 
 
 
 
-0.26 
 
0.03 
 
 
 
Field 04 
    
0.07 
 
GH 03 
    
0.17 
 
1Mean field severity between two locations (Lexington and Princeton) after artificial inoculation 
with infected corn kernels. 
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Table 5.16: Correlation coefficients between greenhouse severity and field severity experiments 
conducted in two years, 2003-04 for Population 2. 
 
Source Field 031 Field 041 GH03 GH04 
 
Field 03 
 
 
 
0.15 
 
0.31* 
 
 
 
Field 04 
    
-0.15 
 
GH 03 
    
-0.20 
 
Correlation coefficients are significant at (*) P < 0.05. 
1 Mean field severity between two locations (Lexington and Princeton) after artificial inoculation 
with infected corn kernels. 
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Table 5.17: Correlation coefficients between greenhouse severity and field severity experiments 
conducted in two years, 2003-04 for Population 3. 
 
Source Field 031 Field 041 GH03 GH04 
 
Field 03 
 
 
 
-0.04 
 
0.46** 
 
 
 
Field 04 
    
0.21 
 
GH 03 
    
0.20 
Correlation coefficients are significant at (*) P<0.05 and (**) P<0.01 
1Mean field severity between two locations (Lexington and Princeton) after artificial inoculation 
with infected corn kernels. 
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Table 5.18: Mean FHB severity (%), mean FDK(%) and DON (ppm) accumulation under two 
methods of artificial inoculation for families in Population 2 segregating for the Sumai 3 
resistance allele at Lexington, KY, 2003. 
 
Lines Field1 
Severity 
Inj2 
Severity 
Field1 
FDK 
Inj2 
FDK 
Field1 
DON 
INJ2 
DON 
1 24.3 17.3 6.6 12.5 4.7 4.0 
2 19.2 29.9 7.0 26.5 8.4 7.8 
3 25.8 13.1 7.6 14.1 2.1 4.3 
8 24.4 15.8 7.6 17.4 6.9 6.3 
10 33.0 28.5 14.7 6.6 9.6 5.2 
12 38.1 19.1 8.1 8.8 8.9 4.1 
13 15.7 17.9 6.7 16.1 11.5 9.2 
16 31.7 39.6 14.5 45.2 10.6 8.7 
17 27.2 15.8 3.6 18.7 7.8 3.4 
18 24.7 11.5 8.2 20.0 10.2 7.7 
19 34.7 42.1 12.0 30.0 16.9 4.6 
22 30.6 26.7 8.0 15.5 9.9 4.3 
24 26.1 13.9 13.9 20.9 17.1 5.5 
25 26.7 27.4 12.5 17.2 11.2 8.4 
27 37.8 27.8 13.8 16.4 10.8 8.5 
30 25.9 15.7 8.4 11.1 8.8 8.5 
35 31.6 20.7 7.8 15.3 7.6 5.0 
36 17.4 14.3 6.0 24.9 8.6 4.3 
37 28.8 14.9 6.4 25.6 12.1 6.5 
38 32.9 25.5 10.7 15.2 7.5 6.2 
40 23.8 21.1 9.5 27.2 13.8 6.3 
Mean 27.6 21.8 9.2 19.3 9.8 6.1 
 
1Field severity, FDK and DON calculated after artificial inoculation with infected corn kernels. 
2Field severity, FDK and DON calculated after injection of a macroconidial spore suspension. 
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Table 5.19: Mean FHB severity (%), mean FDK (%) and DON(ppm) accumulation under two 
methods of artificial inoculation for families in Population 2  non-segregating for the Sumai 3 
resistance allele at Lexington, KY, 2003. 
 
Lines Field1 
Severity 
Inj2 
Severity 
Field1 
FDK 
Inj2 
FDK 
Field1 
DON 
INJ2 
DON 
4 44.8 28.1 20.2 23.8 17.1 4.3 
5 22.0 21.6 8.0 11.4 4.9 7.8 
6 33.5 21.7 5.8 18.7 6.6 4.6 
7 41.3 25.0 17.7 14.5 11.2 5.3 
9 37.5 20.1 10.2 9.7 12.6 4.0 
11 31.0 26.3 15.6 23.4 12.6 4.6 
14 40.0 53.5 23.8 57.8 19.8 5.3 
15 32.1 26.1 7.6 13.5 12.7 5.5 
20 40.8 25.8 5.9 6.9 5.1 5.2 
21 24.1 26.0 10.6 19.4 8.1 3.6 
23 24.0 16.9 6.6 13.4 9.7 6.0 
26 36.2 20.2 9.5 16.9 10.2 6.3 
28 22.3 22.6 5.7 14.0 8.7 7.4 
29 25.1 19.3 8.4 25.8 9.7 7.9 
31 44.7 36.3 22.1 11.6 17.2 4.0 
32 44.5 41.0 13.2 30.1 11.6 4.3 
33 25.7 18.2 13.3 10.1 11.3 5.9 
34 29.4 21.2 7.9 19.4 5.7 4.0 
39 25.3 25.5 9.6 14.8 8.3 6.5 
Mean 32.9 26.1 11.7 18.7 10.7 5.4 
 
1Field severity, FDK and DON calculated after artificial inoculation with infected corn kernels. 
2Field severity, FDK and DON calculated after injection of a macroconidial spore suspension. 
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APPENDIX  
 
Table A.1: Analysis of variance for FHB severity (%) in Population 1 at Lexington, KY, 2003. 
 
Source df MS F 
 
Rep 
 
2 
 
35.6 
 
0.6 
 
Genotypes 
 
39 
 
134.3 
 
2.25** 
 
Error 
 
71 
 
59.6 
 
 
   
  *P<0.05 
**P<0.01 
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Table A.2: Analysis of variance for FHB severity (%) in Population 1 at Lexington, KY, 2004. 
 
Source df MS F 
 
Rep 
 
2 
 
153.7 
 
0.94 
 
Genotypes 
 
39 
 
437.6 
 
2.66** 
 
Error 
 
78 
 
164.3 
 
 
  
  *P<0.05 
**P<0.01  
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Table A.3: Analysis of variance for FHB severity (%) in Population 1 at Princeton, KY, 2003. 
 
Source df MS F 
 
Rep 
 
1 
 
64.8 
 
0.58 
 
Genotypes 
 
38 
 
170.2 
 
1.52 
 
Error 
 
30 
 
111.6 
 
 
  
  *P<0.05 
**P<0.01
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Table A.4: Analysis of variance for FHB severity (%) in Population 1 at Princeton, KY, 2004. 
 
Source df MS F 
 
Rep 
 
1 
 
248.3 
 
3.7 
 
Genotypes 
 
38 
 
157.1 
 
2.39** 
 
Error 
 
35 
 
65.7 
 
 
 
  *P<0.05 
**P<0.01
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Table A.5: Analysis of variance for FHB severity (%) in Population 2 at Lexington, KY, 2003. 
 
Source df MS P value 
 
Rep 
 
2 
 
182.5 
 
2.54 
 
Genotypes 
 
39 
 
169.9 
 
2.36** 
 
Error 
 
78 
 
 
 
 
  *P<0.05 
**P<0.01
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Table A.6: Analysis of variance for FHB severity (%) in Population 2 at Lexington, KY, 2004. 
 
Source df MS F 
 
Rep 
 
2 
 
730.8 
 
6.17** 
 
Genotypes 
 
39 
 
403.6 
 
3.41** 
 
Error 
 
78 
 
118.5 
 
 
  
  *P<0.05 
**P<0.01
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Table A.7: Analysis of variance for FHB severity (%) in Population 2 at Princeton, KY, 2003. 
 
Source df MS F 
 
Rep 
 
1 
 
34.4 
 
0.29 
 
Genotypes 
 
39 
 
151.4 
 
1.27 
 
Error 
 
39 
 
119.0 
 
 
  
  *P<0.05 
**P<0.01
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Table A.8: Analysis of variance for FHB severity (%) in Population 2 at Princeton, KY, 2004. 
 
Source df MS F 
 
Rep 
 
1 
 
151.2 
 
2.4 
 
Genotypes 
 
39 
 
131.9 
 
2.10** 
 
Error 
 
38 
 
62.9 
 
 
   
  *P<0.05 
**P<0.01
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Table A.9: Analysis of variance for FHB severity (%) in Population 3 at Lexington, KY, 2003. 
 
Source df MS P value 
 
Rep 
 
2 
 
69.6 
 
1.18 
 
Genotypes 
 
38 
 
171.3 
 
2.89** 
 
Error 
 
73 
 
59.2 
 
 
  *P<0.05 
**P<0.01
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Table A.10: Analysis of variance for FHB severity (%) in Population 3 at Lexington, KY, 2004. 
 
Source df MS F 
 
Rep 
 
2 
 
2180.0 
 
22.31** 
 
Genotypes 
 
38 
 
168.4 
 
1.72 
 
Error 
 
76 
 
97.7 
 
 
  
  *P<0.05 
**P<0.01
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Table A.11: Analysis of variance for FHB severity (%) in Population 3 at Princeton, KY, 2003. 
 
Source df MS F 
 
Rep 
 
1 
 
199.5 
 
1.64 
 
Genotypes 
 
37 
 
123.1 
 
1.01 
 
Error 
 
34 
 
121.4 
 
 
 
  *P<0.05 
**P<0.01
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Table A.12: Analysis of variance for FHB severity (%) in Population 3 at Princeton, KY, 2004. 
 
Source df MS F 
 
Rep 
 
1 
 
263.8 
 
2.89 
 
Genotypes 
 
38 
 
134.7 
 
1.47 
 
Error 
 
37 
 
91.3 
 
 
 
  *P<0.05 
**P<0.01
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Table A.13: Analysis of variance for DON accumulation in Population 1 at Lexington, KY, 
2004. 
 
Source df MS F 
 
Rep 
 
1 
 
9.07 
 
0.92 
 
Genotypes 
 
39 
 
16.41 
 
1.67* 
 
Error 
 
39 
 
9.82 
 
 
 
  *P<0.05 
**P<0.01
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Table A.14: Analysis of variance for DON accumulation in Population 2 at Lexington, KY, 
2004. 
 
Source df MS F 
 
Rep 
 
1 
 
0.71 
 
0.01 
 
Genotypes 
 
39 
 
50.71 
 
0.83 
 
Error 
 
39 
 
69.2 
 
 
 
  *P<0.05 
**P<0.01
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Table A.15: Analysis of variance for DON accumulation in Population 3 at Lexington, KY, 
2004. 
 
Source df MS F 
 
Rep 
 
1 
 
120.5 
 
4.47* 
 
Genotypes 
 
38 
 
45.9 
 
1.70* 
 
Error 
 
38 
 
26.9 
 
 
 
  *P<0.05 
**P<0.01 
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Table A.16: Area under the Disease Progress Curve (AUDPC) for the susceptible wheat cultivar 
2555 at Lexington, KY in 2003 and 2004. 
 
 AUDPC 
2003 803.0 
2004 1344.1 
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